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INTRODUCTION. 

Ovarian  cancer  is  a  disease  of  uncontrolled  cell  division.  Cell  division  normally  creates  two  genetically 
identical  daughter  cells  through  severing  of  a  cytoplasmic  bridge  that  interconnects  them.  The  midbody  is 
an  organelle  within  the  bridge  that  is  involved  in  severing.  Previously,  midbodies  were  thought  to  be  lost 
from  cells  after  division,  but  we  show  they  can  be  retained,  accumulated  and  increased  with  tumor  grade. 
The  long-term  goal  of  this  project  is  to  identify  putative  MB-containing  ovarian  cancer  cells  and  target 
them  for  chemotherapeutic  elimination  of  ovarian  cancer.  This  proposal  is  designed  to  test  this  idea.  We 
will  determine  if  MBs  are  present  in  putative  ovarian  cancer  stem  cells  (CSCs)  from  multiple  ovarian 
cancer  cell  lines  and  tumor  types  (Task  1),  isolate  MB-containing  ovarian  cancer  cells  and  directly  test 
them  for  tumorigenic  potential  in  mice  (Task  2)  and  determine  if  degradation  of  MBs  in  ovarian  cancer 
cells  diminishes  or  eliminates  their  tumorigenic  potential  (Task  3). 

BODY 

Task  1.  Test  whether  MBs  are  present  in  ovarian  CSCs  in  vitro  and  in  vivo. 

Isolate  ovarian  CSCs  from  cell  lines  and  test  for  enrichment  of  MBs.  We  have  successfully  isolated 
putative  ovarian  CSCs  from  two  cell  lines  SKOV3  and  OVCA)  using  2  different  methods:  a)  We  isolated 
the  side  population  of  SKOV3  cells  based  on  their  ability  to  use  the  ABC  transporter  to  pump  out  the 
DNA  dye  Hoechst  33342  (the  so  called  side  population  or  SP).  b).  We  also  isolated  putative  CSCs 
through  detection  of  fluorescent-tagged  cell  surface  CSC  markers  (CD133+,  CD44+,  CD117+).  (Dyall  et 
al.,  2010;  Ponnusamy  et  al.,  2008). 

In  both  strategies,  putative  CSCs  were  fixed,  spun  onto  coverslips  and  stained  for  MBs  using  two 
different  and  effective  MB  markers,  MKLP1  (Fig.  1)  and  MgcRacGAP.  There  was  near  complete  (98.8+/- 
0.3%)  concordance  in  MB  staining  using  these  markers.  In  both  CSC  preparations  MBs  were  found  to  be 
significantly  higher  in  the  CSC  fraction  (Fig.  2,  SP).  We  are  testing  other  ovarian  cancer  cell  types. 

As  expected,  we  also  found  that  MBs  were  present  in  ovarian  tumors  and  preliminary  results  indicate  that 
MBs  increase  with  increasing  ovarian  tumor  grade. 

During  these  analyses,  we  unexpectedly  discovered  that  a  large  number  of  canonical  ovarian  oncogenes 
and  tumor  suppressors  localized  to  MBs  in  epithelial  ovarian  cancer  cells.  These  include  HER-2/neu,  c- 
myc  and  K-ras,  p53  (Fig.  4),  BRCA1,  BRCA2  and  others.  This  result  provides  a  potential  molecular 
mechanism  for  the  tumorigenic  property  of  MBs  and  could  serve  as  a  novel  therapeutic  method  for 
treating  ovarian  cancer.  We  will  not  follow  up  on  this  result,  but  rather,  we  will  attempt  to  gamer 
additional  funding  to  study  this  new  discovery. 

Task  2.  Test  the  tumorigenic  potential  of  MBs. 

We  tested  MB+  cells  isolated  based  on  MB  fluorescence  (MKLP-l-GFP)  and  flow  cytometry  for  growth 
in  soft  agar.  We  observed  a  dramatic  increase  in  soft  agar  growth.  Once  we  complete  the  in  vitro  assays, 
we  will  begin  testing  tumor  induction  in  mice. 
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We  next  tested  another  method  of  increasing  MBs.  We  prevented  their  receptor-mediated  degradation  by 
depleting  the  autophagy  receptor,  NBR1.  shRNA  depletion  of  NBR1  blocked  autophagic  degradation  of 
MBs  and  increased  the  percent  of  MB+  cells.  This  was  accompanied  by  an  increase  in  soft  agar  growth  by 
percentages  similar  to  those  observed  for  cells  isolated  by  MKLP-GPF,  above.  During  the  course  of  this 
work,  we  discovered  another  autophagy  protein,  NipSnip2.  It  had  an  enhanced  effect  on  MB  degradation 
when  depleted  compared  to  NBR1 . 

Task  3.  Test  if  specific  targeting  of  MBs  for  autophagic  degradation  is  a  therapeutic  strategy  for 
ovarian  cancer. 

We  showed  that  NBR1-GFP  expression  accelerated  autophagy-mediated  degradation  of  MBs  in  ovarian 
cancer  cells  (SKOV3,  Fig.  5;  OVCA,  not  shown).  Under  these  conditions,  soft  agar  colony  number  (a 
measure  of  ovarian  tumor  potential)  was  dramatically  decreased  (preliminary  results,  Fig.  5).  This  result 
has  important  implications  for  ovarian  tumor  therapy. 

We  also  showed  that  NipSnip2  expression  dramatically  increases  MB  degradation  leading  to  decreased 
tumor  potential.  It  is  more  efficacious  than  NBR1  in  this  regard  (not  shown,  ~7-fold). 

SUMMARY  OF  KEY  RESEARCH  ACCOMPLISHMENTS: 

1.  Midbodies  are  inherited  by  one  daughter  cell  and  accumulate  in  ovarian  cancer  cells  (Fig.  1). 

2.  Midbodies  are  in  ovarian  cancer  stem  cells  (Fig.  2). 

3.  The  presence  of  midbodies  is  associated  with  increased  in  vitro  tumor  potential  over  MB-negative 
ovarian  cancer  cells  (preliminary  data,  Fig.  3). 

4.  Midbodies  serve  as  scaffolds  for  anchoring  ovarian  cancer  oncogenes,  tumor  suppressors  and 
cancer  stem  cell  proteins  (Fig.  4). 

5.  NBR1  expression  effectively  eliminates  ovarian  cancer  cells  in  vitro  (Fig.  5).  In  vivo  studies 
ongoing. 

REPORTABLE  OUTCOMES  (The  following  are  outcomes  of  this  study): 


Manuscripts  related  to  this  study.  These  papers  focus  on  aspects  of  cell  division  including  midbody 
inheritance  and  degradation  and  are  related,  directly  or  indirectly,  to  findings  discussed  in  this  report. 

1.  Hehnly  and  Doxsey,  The  Centrosome  Regulates  the  Rabll-  Dependent  Recycling  Endosome 
Pathway  at  Appendages  of  the  Mother  Centriole.  Current  Biol.  20:  1944-50,  2012.  Highlighted 
in  Nature  Reviews  Molecular  Cell  Biology. 

2.  Hehnly  H,  Doxsey  S.  Rabl  1  endosomes  contribute  to  mitotic  spindle  orientation. 
Developmental  Cell  28,  497-507,  2014.  See  Commentary  in  Dev  Cell  28,  480-482. 

3.  Chen  CT,  Ettinger  AW,  Huttner  WB,  Doxsey  SJ.  Resurrecting  remnants:  the  lives  of  post¬ 
mitotic  midbodies  Trends  in  Cell  Biology  23,  118-28  2013. 

Cell  lines. 

We  established  SKOV3  and  OVCA  cell  lines  expressing  GFP-MKLP1,  which  targets  midbodies  (Fig.  1). 
We  established  SKOV3  cell  lines  expressing  GFP-Cep55,  which  targets  to  midbodies  (not  shown). 

We  established  SKOV3  cell  lines  expressing  GFP-NBR1,  which  targets  to  autophagosomes  (not  shown). 
We  established  SKOV3  cell  lines  expressing  GFP-NipSnip2,  which  targets  autophagosomes  (not  shown). 


Funding  opportunities. 
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Fig.  1.  Midbodies  (GFP-MKLP-1,  left)  accumulate  in  ovarian  cancer  cells,  right  and  merge  (SKOV). 


Fig.  2.  SKOV  cell  side  population  (SP, cancer  stem  cells) 
show  significantly  more  midbody  positive  cells  than  non- 
SP.  X-axis,  %  midbody-positive  cells 


MB-  MB+ 


Fig.  3.  Tumor  potential  of  SKOV  cells  (soft  agar 
colonies  in  vitro).  MB-,  midbody-negative  cells. 
MB+,  midbody -positive  cells. 


Fig.  4.  Midbody-positive  cells  (GFP-MKLP-1 )  are  associated  with  the  ovarian  cancer  cancer  tumor  suppressor,  p53.  SKOV  cell 
line  expressing  midbody  marker  (GFP-MKLP-1,  left  panel)  and  stained  for  p53  (center  panel).  Merge  (right  panel). 
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Fig.  5.  NBR1-GFP 
expressing  cells 
have  significantly 
fewer  midbodies 
than  GFP  expressing 
cells. 


A  postdoctoral  fellow  in  my  laboratory  (Dr.  Heidi  Hehnly)  was  awarded  a  K99  grant  from  NIH  based,  in 
part,  on  the  findings  of  this  study. 

Based  on  this  work,  I  applied  for  a  Breakthrough  award  from  the  Department  of  Defense. 

Invited  seminars  based  on  work  in  this  project,  which  was  initiated  in  Sept.  2012. 


2012 

10/2012  Plenary  Lecture  and  Teaching  Lectures  Kisumu  Medical  Training  College, 
Kisumu,  Kenya,  East  Africa 

1 1/2012  International  Drug  Discovery  Science/Technology,  Nanjing  China 
12/2012  American  Society  of  Cell  Biology,  San  Francisco,  CA 

2013 

01/2013  Plenary  Lecture,  Asian  Clinical  Congress,  Bangkok,  Thailand 
03/2013  “Building  a  Centrosome”  Workshop,  West  Sussex,  U.K. 

05/2013  University  of  Algarve,  Portugal 

05/20 1 3  University  of  Toronto,  Toronto  Canada 

1 1/2013  “Anti-Cancer  Drugs”,  Stockholm,  Sweden 

12/2013  “Anti-cancer  Drugs  “Moscow  Russia” 

12/2013  “Biological  and  Biomedical  Sciences”  Dar-Es-Salaam,  Tanzania 

2014  (invited  and  expected  to  attend) 

03/2014  UPenn 

04/2014  Univ.  Tennessee 

09/2014  “Midbodies  as  a  target  for  cancer  therapy”,  Athens,  Greece 

1 1/2014  “Midbodies  as  a  target  for  cancer  therapy”,  PepCon,  Dalian,  China 


CONCLUSION: 

The  results  reported  in  this  funding  period  show  promise  toward  ovarian  cancer  therapies.  Several  lines 
of  investigation  suggest  this  can  be  done:  MBs  enhance  ovarian  cancer  whereas  decreasing  MBs  kills 
ovarian  cancer  cells.  Overexpression  of  autophagy  proteins  (NBR1,  NIPSNIP2)  decreases  MBs  and  kills 
ovarian  cancer  cells.  MB-positive  ovarian  cancer  cells  appear  to  be  ovarian  cancer  stem  cells.  This 
suggests  that  MB  targeting  for  ovarian  cancer  therapy  will  target  the  cell  that  is  the  most  insidious  of  all 
ovarian  cancer  cells,  the  ovarian  stem  cell.  In  turn,  MB+  ovarian  cancer  stem  cells  are  likely  to  be  the 
cells  that  are  drug  resistant,  recurrent  and  form  metastatic  lesions,  all  of  which  have  been  the  most 
difficult  to  treat.  The  finding  that  MBs  anchor  ovarian  cancer  oncogenes,  tumor  suppressors  and  cancer 
stem  cell  proteins  suggests  that  they  may  serve  as  scaffolds  for  ovarian  tumor  pathways.  We  expect  the 
work  will  ultimately  have  a  sustained  and  significant  impact  on  ovarian  cancer  for  a  number  of  additional 
reasons:  We  provide  a  new  understanding  of  ovarian  cancer  etiology,  namely  the  finding  that  an  organelle 
never  before  associated  with  cancer  may  in  fact  be  a  key  player  in  ovarian  tumor  development  and 
progression.  We  also  believe  that  we  have  identified  a  new  and  effective  ovarian  cancer  stem  cell 
identification  strategy  based  on  a  novel  and  atypical  biomarker,  the  MB.  We  believe  that  our  laboratory  is 
the  only  one  in  the  world  working  in  this  area  of  cancer  biology. 
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SUMMARY 

During  interphase,  Rabll-GTPase-containing  endo¬ 
somes  recycle  endocytic  cargo.  However,  little  is 
known  about  Rabll  endosomes  in  mitosis.  Here, 
we  show  that  Rabll  localizes  to  the  mitotic  spindle 
and  regulates  dynein-dependent  endosome  localiza¬ 
tion  at  poles.  We  found  that  mitotic  recycling  endo¬ 
somes  bind  y-TuRC  components  and  associate 
with  tubulin  in  vitro.  Rabll  depletion  or  dominant¬ 
negative  Rabll  expression  disrupts  astral  microtu¬ 
bules,  delays  mitosis,  and  redistributes  spindle  pole 
proteins.  Reciprocally,  constitutively  active  Rabl  1  in¬ 
creases  astral  microtubules,  restores  y-tubulin  spin¬ 
dle  pole  localization,  and  generates  robust  spindles. 
This  suggests  a  role  for  Rabll  activity  in  spindle 
pole  maturation  during  mitosis.  Rabll  depletion 
causes  misorientation  of  the  mitotic  spindle  and  the 
plane  of  cell  division.  These  findings  suggest  a  molec¬ 
ular  mechanism  for  the  organization  of  astral  mi¬ 
crotubules  and  the  mitotic  spindle  through  Rabll- 
dependent  control  of  spindle  pole  assembly  and 
function.  We  propose  that  Rabll  and  its  associated 
endosomes  cocontribute  to  these  processes  through 
retrograde  transport  to  poles  by  dynein. 

INTRODUCTION 

We  recently  showed  that  the  recycling  endosome  (RE)  GTPase, 
Rabl  1 ,  binds  to  mother  centriole  appendages  in  interphase  cells. 
RE  vesicles  interact  with  and  organize  around  these  appendages. 
Endosome  dissociation  from  centrosomes  disrupts  endosome 
recycling  (Hehnly  et  a!  2012).  We  hypothesized  that  REs  may, 
in  turn,  play  a  role  in  centrosome  function.  In  fact,  Rabll  was 
identified  in  a  screen  for  mitotic  regulators  of  microtubule  (MT) 
dynamics  in  Caenorhabditis  elegans  (Zhang  et  al.,  2008)  and 
was  shown  to  require  dynein  for  this  function  (Ai  et  al.,  2009). 
Rabl  1  is  also  an  important  regulator  of  endosome  asymmetric 
distribution  in  sensory  organ  precursor  (SOP)  cells  during  cell  di¬ 
vision  (Emery  et  al.,  2005).  Rabl  1 -vesicles  have  recently  been 
implicated  in  asymmetric  spindle  positioning  in  mouse  oocytes 
(Holubcova  et  al.,  2013),  but  how  Rabl  1 -vesicles  can  directly 
contribute  to  this  process  was  not  thoroughly  investigated.  How¬ 
ever,  the  authors  do  propose  that  these  vesicles  function  as  cyto- 
skeletal  modulators  (Holubcova  et  al.,  2013).  Here,  we  explore 


possible  functions  for  Rabl  1  in  the  formation  of  spindle  poles,  as¬ 
sembly  of  MT  nucleating,  MT  anchoring,  and  regulatory  proteins 
at  poles,  organization  of  astral  MTs,  and  orientation  of  mitotic 
spindles  and  the  plane  of  cell  division. 

RESULTS 

Rabll -Associated  Endosomes  Associate  with  Mitotic 
Spindle  Poles  and  the  Mitotic  Spindle 

Little  is  known  of  Rabl  1  and  endosome  function  during  spindle 
formation  in  mitosis.  We  found  that  GFP-Rabl  1 -decorated-en- 
dosomes  and  the  Rabll  effector,  FIP3,  clustered  at  spindle 
poles  and  along  the  mitotic  spindle  (Figures  1A  and  IB;  Fig¬ 
ure  SI  A  available  online;  Movies  SI  and  S2)  (noted  in  Hobdy- 
Henderson  et  al.,  2003  and  Takatsu  et  al.,  2013).  Rabll  also 
localized  to  isolated  spindle  poles  demonstrating  that  it  is  a 
bona  fide  centrosome  protein  (Figure  SID).  In  cells  that  were 
cold  treated  (Figure  1C),  which  destabilizes  dynamic  microtu¬ 
bules  while  preserving  kinetochore  MTs  (Meunier  and  Vernos, 
2011),  Rabll  localized  predominantly  to  kinetochore  MTs  (Fig¬ 
ure  1C).  This  suggested  that  Rabl  1 -associated  endosomes 
were  bound  to  MTs  and  that  they  might  possibly  be  transported 
along  spindle  fibers  to  and  from  the  pole.  We  established  that 
these  Rabll  endosomes  were,  in  fact,  recycling  endosomes 
by  staining  for  several  additional  RE  proteins  (Figures  1A-1C, 
2A,  and  2B).  However,  the  early  endosome  Rab5  effector, 
EEA1,  and  Golgi  complex  proteins  did  not  localize  to  these 
organelles  (Figures  2C  and  S2B;  Movie  S2)  (Golgi  positioning 
reviewed  in  Yadav  and  Linstedt,  2011). 

The  selective  mitotic  MT  localization  of  Rabl  1  and  its  associ¬ 
ated  endosomes  (Figures  1A-1C  and  SI  A)  was  confirmed  by 
biochemical  assessment  of  microtubule  pellets  (Figure  SIB). 
Mitotic  MTs  bound  significantly  more  Rabll  than  interphase 
MTs  due  most  likely  to  degradation  of  the  Rabll  GTPase 
activating  protein  (GAP),  Evi5,  which  converts  Rabll  to  its 
GDP-binding  state  (Laflamme  et  al.,  2012;  Dabbeekeh  et  al., 
2007;  Eldridge  et  al.,  2006)  (Figure  SIB).  Consistent  with  the 
MT  association  and  GTP  status  of  Rabl  1 ,  was  the  observation 
that  forced  expression  of  constitutively  active  Rab11(Q70L) 
increased  MT-association  over  dominant-negative  Rabl  1  (S25N) 
(Figure  SIC).  This  suggested  that  the  enhanced  MT-association 
of  mitotic  Rabl  1  could  result  from  reduced  Evi5  levels  (Eldridge 
et  al.,  2006)  (Figures  1A  and  SIB)  subsequently  causing  an  in¬ 
crease  in  active  Rabl  1 . 

REs  Contain  MT-Nucleating  Components  and  Dynein 

To  better  understand  the  differences  between  endosomes  in 
mitotic  versus  interphase  cells,  we  examined  the  molecular 
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Figure  1.  Recycling  Endosomes  Localize  along  the  Spindle,  Contain  y-Tubulin,  and  Associate  with  an  MT-Based  Structure 

(A)  Cells  expressing  GFP-Rabl  1  were  fixed  during  mitosis  or  interphase  to  visualize  Rabl  1 .  DAPI,  blue.  Scale  bar,  5  jxm. 

(B  and  C)  Alexa  Fluor  594-Tfn  filled  endosomes  (B;  red)  and  Rabl  1  (C;  red)  localize  to  the  mitotic  spindle  and  spindle  poles.  MTs,  green;  DAPI,  blue.  Scale  bars, 
5  |xm.  In  cold-treated  cells  that  maintain  stable  kinetochore-attached-MTs,  Rabll  localized  to  MTs  (C). 

(D)  Immunoblots  of  endosomes  were  isolated  by  floatation  in  a  sucrose  gradient  and  labeled  for  transferrin  receptor  (TfR)  and  Rabl  1 .  Endosomes  cofractionated 
with  the  centrosome  proteins  a-  and  y-tubulin,  GCP4,  Ran-GTP,  and  dynein  intermediate  chain  (1C),  but  not  with  the  cytosolic  component  GAPDH. 

(E)  Mitotic  and  interphase  endosomes  isolated  by  floatation  were  analyzed  for  associated  Rabll,  y-tubulin,  and  GAPDH.  Mitotic  endosomes  contained 
significantly  more  Rabll  and  y-tubulin  than  interphase  endosomes  (n  =  3  experiments).  *p  <  0.01;  for  representative  immunoblot,  see  Figure  S1E. 

(F)  Tubulin  (10  jo,M)  was  incubated  with  or  without  isolated  mitotic  endosomes  (green,  decorated  with  GFP-FIP3),  spun  onto  coverslips,  and  tested  for 
MT  association.  Endosomes  showed  MT  association  at  37°C,  but  not  4°C.  Tubulin  alone  did  not  form  an  MT-based  structure  without  endosomes  present.  Scale 
bar,  3  urn. 

(G)  Isolated  mitotic  versus  interphase  endosomes  (GFP-FIP3,  green)  were  spun  onto  coverslips  and  tested  for  MT  association/assembly  (tubulin,  red).  Two 
examples  are  shown  for  each.  Scale  bar,  3  urn. 

(H)  The  percent  of  endosomes  forming  MT-based  structures  was  quantified.  Left:  25%  of  mitotic  endosomes  formed  MT-structures  at  37°C,  compared  to  ~4%  at 
4°C  (n  =  3  experiments,  p  <  0.01).  Right:  25%  of  mitotic  endosomes  formed  MT-based  structures  compared  to  0%  in  control  (n  =  4  experiments,  p  <  0.01). 
See  also  Figure  SI  and  Movie  SI . 


composition  of  isolated  endosomes.  Endosomes  detected  by 
the  presence  of  GFP-FIP3,  a  Rabll  effector  that  localizes  to 
spindle  poles,  and  Rabll  itself  (Figure  SI  A),  were  isolated  via 
flotation  upward  through  a  sucrose  step  gradient  (Ori-McKenney 
et  al.,  2012)  (Figure  ID).  Biochemical  analysis  of  the  mitotic 
endosomes  revealed  proteins  involved  in  MT  organization  (e.g., 
dynein)  as  well  as  MT  nucleation,  spindle  pole  organization, 
and  regulators  of  these  processes  (e.g.,  y-tubulin,  a-tubulin, 
GCP4,  Ran-GTP)  (Figure  ID).  The  specificity  of  spindle  pole 
proteins  localization  to  endosomes  was  confirmed  by  showing 
that  GAPDH  did  not  cofractionate  with  endosomes  (Figures  1 D 
and  SI  E).  The  presence  of  a-tubulin  in  these  isolated  endosome 
fractions  (Figure  ID)  is  consistent  with  Rabll  pelleting  in  MT 
pull-down  experiments  (Figure  SIB). 


We  found  that  isolated  mitotic  endosomes  contained  signifi¬ 
cantly  more  Rabll  and  y-tubulin  than  interphase  endosomes 
(Figures  IE  and  S1E).  Notably,  mitotic  endosomes  are  enriched 
at  mitotic  spindle  poles/centrosomes  compared  to  interphase 
endosomes  (Tfn-filled)  (Movie  SI).  This  suggested  that  mitotic 
membranes  may  recruit  more  MT-nucleating  components, 
which  is  consistent  with  their  potential  role  in  centrosome 
maturation.  To  directly  address  this,  we  tested  MT  nucleation 
from  isolated  mitotic  and  interphase  endosomes,  as  done  for 
Golgi  vesicle  MT  nucleation  assays  in  previous  studies  (Ori- 
McKenney  et  al.,  2012).  Similar  to  Golgi  MT  nucleation,  ~25% 
of  mitotic  endosomes  assembled  linear  MT  elements,  which 
were  not  present  at  4°C  (Figures  IF  and  1H)  or  when  nocoda- 
zole  was  added  (Figure  S1F).  Endosomes  isolated  from 
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Figure  2.  Recycling  Endosomes  Exhibit 
Rabl  1 -Dependent  Spindle  Pole  Localiza¬ 
tion  and  Dynein-Mediated  Transport 

(A)  Maximum  projections  of  mitotic  cells  after 
nocodazole  or  mock  treatment  and  5  min  after 
nocodazole  washout.  Cells  were  fixed,  stained  for 
y-tubulin  (red)  and  FIP3  (green).  Mock-treated 
cells  show  FIP3  having  spindle  and  pole  localiza¬ 
tion,  whereas  nocodazole-mediated  MT  disrup¬ 
tion  dispersed  FIP3  from  poles.  Five  minutes  after 
nocodazole  washout,  FIP3  refocuses  at  the  spin¬ 
dle  pole  and  at  acentrosomal  foci  (inset,  labeled 
with  y-tubulin,  red). 

(B)  Control  (lamin  siRNA)  and  Rabl  1 -depleted 
cells  incubated  with  Alexa  Fluor  594-conjugated 
Tfn  (red)  to  label  endosomes.  Most  endosomes 
focus  around  poles  (MTs;  green)  in  control  cells, 
but  are  dispersed  in  Rabl  1 -depleted  cells.  DAPI, 
blue.  MT  organization  around  poles  was  also  dis¬ 
rupted  after  Rabll  depletion  (insets  a!,  b\  dis¬ 
rupted  endosomes  with  MTs,  5x  original  image). 
Scale  bar,  5  [xm. 

(C)  Selected  images  from  time-lapse  movies  of 
GFP-FIP3-labeled  REs  (marked  by  open  arrow¬ 
head)  moving  toward  and  away  from  spindle  poles 
(spindle  pole  marked  by  closed  arrowhead)  and 
dispersed  RFP-EEA1  early  endosomes  remaining 
fairly  immobile  (marked  by  white  asterisk).  Scale 
bar,  1  [xm.  See  also  Movie  S2. 

(D)  GFP-FIP3-  and  RFP-EEA1 -decorated  endo- 
some  track  velocities  were  characterized.  RFP- 
EEA1  tracks  moved  at  a  decreased  velocity 
compared  to  GFP-FIP3  tracks  (n  >  30  tracks  in 
n  =  3  cells  for  each  condition). 

(E)  Selected  still  images  from  time-lapse  movies 
of  GFP-FIP3-labeled  REs  moving  toward  spindle 
poles  in  prometaphase  cells.  Left:  a  mock  control 
(DMSO  only)  prometaphase  cell  showing  minus- 
end  directed  motion  of  FIP3-decorated  RE  toward 
pole  (marked  by  open  arrowhead;  Movie  S3). 
Right:  a  dynein-inhibited  (Firestone  et  al.,  2012) 
prometaphase  cell  with  no  minus-end  mediated 
transport  occurring  (endosomes  marked  by  open 
arrowhead).  Schematic  representation  of  shown 
puncta  is  depicted  below  time  course.  Green  point 

represents  when  the  vesicle  starts  moving,  red  point  is  when  it  stopped,  and  gray  line  is  the  path  it  took.  Red  circle  labeled  “SP”  depicts  where  spindle  pole  is. 
Scale  bar,  1  [xm. 

(F)  GFP-FIP3-decorated  recycling  endosome  tracks  were  characterized  i 
significantly  decreased  GFP-FIP3  endosome  velocity  (n  >  40  measured  1 
See  also  Figure  S2  and  Movies  S2  and  S3. 
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1  in  either  a  control  or  a  dynein  inhibitor-treated  prometaphase  cell.  The  dynein  inhibitor 
i  tracks  for  each  treatment,  three  cells  measured  per  treatment). 


interphase  cells  showed  little  to  no  detectable  MT  nucleation 
(Figures  1G  and  1 H). 

Depletion  of  Rabll  or  FIP3  Disrupts  Endosome 
Organization  at  Spindle  Poles 

To  further  test  the  mechanism  of  endosome  localization  to 
spindle  poles,  we  depleted  Rabll  or  FIP3  using  previously 
characterized  siRNAs  (Hehnly  et  al.,  2012)  (Figure  S2C).  In  both 
cases,  the  association  of  REs  with  spindle  pole  (Figures  2B, 
S2B,  and  S2C)  was  decreased  ~3-fold  compared  with  controls. 
Depolymerization  of  MTs  similarly  decreased  spindle  pole 
localization  of  REs  (Figures  2A,  2B,  and  S2A)  demonstrating  a 
requirement  for  MTs  in  organization  or  MT-dependent  transport 
of  endosomes. 


REs  Require  Dynein-Based  Transport  for  Spindle  Pole 
Localization 

To  more  directly  distinguish  between  (1)  binding  of  REs  to  spin¬ 
dle  poles  via  MTs  at  this  site,  or  (2)  transport  of  REs  to  spindle 
poles  via  MTs,  RE  dynamics  (TfR  in  Figure  S2A;  GFP-FIP3  in  Fig¬ 
ures  2A  and  2C-2F;  Tfn-filled  in  Movie  SI)  were  examined  in 
living  cells  or  in  fixed  cells  over  a  time  course.  After  spindle 
MTs  were  disrupted  by  nocodazole,  spindle  reassembly  was 
imaged  over  a  time  course  after  drug  washout.  Spindle  reassem¬ 
bly  in  control  cells  was  initiated  by  renucleation  of  MTs  from  spin¬ 
dle  poles  and  reorganization  of  endosomes  around  the  poles. 
We  found  that  endosomes  reorganized  around  acentrosomal 
peripheral  microtubule  clusters  containing  y-tubulin  (Figure  2A, 
modeled  in  Figure  3B)  that  formed  in  the  cytoplasm  and  moved 
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Figure  3.  Rabll  and  Dynein  Coordinately 
Organize  Recycling  Endosomes  at  Mitotic 
Spindle  Poles 

(A)  Cells  treated  with  a  dynein  inhibitor  (Firestone 
et  al.,  2012),  or  depleted  of  lamin  (control)  or  Rabl  1 
were  incubated  with  Alexa  Fluor  594-conjugated 
Tfn  (red)  to  label  endosomes.  Mitotic  cell  maximum 
projections  are  shown,  and  cells  were  stained  for 
the  Rabl  1 -effector  FIP3  (green)  specifically  label¬ 
ing  REs.  REs  were  dispersed  with  dynein  inhibition 
and  Rabll  depletion.  Scale  bar,  5  ^m. 

(B)  Model  depicting  REs  together  with  MT  clusters 
contributing  to  spindle  organization  and  function 
by  acting  as  a  carrier  to  transport  spindle  pole 
components  to  spindle  poles  by  dynein-mediated 
transport.  RE  transport  to  the  spindle  pole  is 
disrupted  by  either  dynein  inhibition  or  Rabll 
depletion. 

(C)  Cells  treated  with  dynein  inhibitor  or  expressed 
Rab11(S25N)  had  significantly  less  Alexa  Fluor 
594-conjugated  Tfn  (red)  labeled  endosomes 
organized  at  mitotic  spindle  poles  compared  to 
either  a  mock  control  (DMSO-treated)  or  cells 
expressing  Rab11(Q70L).  Scale  bar,  5  urn.  A  line 
scan  through  the  mitotic  spindle  poles  (oriented 
by  y-tubulin  staining,  not  shown)  is  drawn  and  the 
integrated  intensity  is  plotted  for  Tfn. 

(D)  Shown  is  quantification  of  Tfn  intensity  at 
spindle  poles  (n  =  25  poles  per  treatment,  p  values 
marked  on  graph;  representative  of  n  =  3  experi¬ 
ments).  A  significant  increase  in  spindle  pole 
localized  Tfn  was  observed  in  cells  expressing 
Rabl  1(Q70L)  when  compared  to  Rab11(S25N). 
However,  Rabl  1(Q70L)  did  not  cause  an  increase 
in  Tfn  in  the  presence  of  a  dynein  inhibitor. 

(E)  Endosomes  isolated  by  floatation  from 
cells  expressing  Rab11(S25N)  or  Rab11(Q70L) 
were  compared  for  amounts  of  bound  Rabll, 
dynein,  and  FIP3.  Mitotic  endosomes  containing 
Rab11(Q70L)  recruited  significantly  more  dynein 
and  the  Rabll -effector  FIP3  than  membranes 
isolated  from  cells  expressing  Rab11(S25N), 
(representative  of  n  =  3  experiments,  e.g.,  repre¬ 
sentative  western  blots  shown  in  Figure  S3B). 
See  also  Figure  S3. 


vectorially  to  spindle  poles  (Figures  2A  and  S2A).  These  observa¬ 
tions  suggested  that  endosomes  were  being  transported  on 
spindle  MTs  as  part  of  these  MT  clusters  (Figures  2A  and  S2A; 
modeled  in  Figure  3B),  to  become  incorporated  into  spindle 
poles.  In  our  previous  work,  we  showed  that  these  MT  clusters 
carried  centrosome  proteins  to  spindle  poles  (Delaval  et  al., 
2011).  Consistent  with  this  notion  is  the  observation  that  the 
MT  clusters  in  this  study  appear  to  be  transporting  endosomes 
that  we  show  contain  centrosome  proteins  identified  in  our 
biochemical  assays  (Figure  ID,  colocalization  between  FIP3 
and  y-tubulin  in  Figure  2A). 

We  contend  that  endosomes  are  part  of  the  MT  cluster-based 
transport  pathway,  as  REs  recruit  the  same/similar  centrosome 
proteins  and  move  to  spindle  poles.  Work  on  MT  clusters 
suggests  that  dynein  may  be  the  driving  force  for  this  process 

(Delaval  et  al.,  2011;  Tulu  et  al.,  2003).  To  directly  test  the  role 
of  dynein  in  endosome  movements,  we  examined  the  dynamics 
of  GFP-FIP3-labeled  REs  in  mitotic  cells.  We  observed  move¬ 
ment  toward  and  away  from  the  mitotic  spindle  poles  (Figure  2C; 


Movies  S2  and  S3).  Endosomes  moving  toward  the  spindle  pole 
had  an  average  velocity  of  0.8  |im/s  (Figure  2E;  Movie  S3).  REs 
were  more  motile  than  RFP-EEA1 -labeled  early  endosomes, 
which  rarely  organized  at  poles  or  moved  in  a  poleward  direction 
(Figures  2C  and  2D;  Movies  S2  and  S3).  To  test  the  role  of  dynein 
in  these  movements,  we  acutely  inactivated  the  motor  with  a 
specific  membrane-permeable  dynein  inhibitor  (Firestone  et  al., 
2012).  This  essentially  abolished  vectorial  retrograde  motion  of 
the  GFP-FIP3  REs  (Figures  2E  and  2F). 

Rabll  Regulates  Endosome  Organization  at  Mitotic 
Spindle  Poles  through  Dynein 

To  further  analyze  the  role  of  Rabl  1  and  dynein  in  recycling  endo¬ 
some  organization,  we  either  depleted  Rabl  1 ,  expressed  a  domi¬ 
nant-negative  Rabll  mutant,  Rab11(S25N),  expressed  a  consti¬ 
tutive-active  mutant,  Rab11(Q70L),  and/or  treated  cells  with  a 
dynein  inhibitor.  We  discovered  that  when  Rabl  1  activity  was  in¬ 
hibited  by  either  depletion  or  Rabl  1  (S25N)  expression,  the  spindle 
pole  localization  of  REs  was  disrupted  (Tfn-loaded,  FIP3-labeled) 
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Figure  4.  Rabll  Plays  a  Role  in  Mitotic  Progression 

(A)  Time-lapse  imaging  show  Rabl  1 -depleted  HeLa  cells  stably  expressing  histone  2B  RFP  (H2B,  red),  entering  mitosis  as  in  control  (lamin  siRNA).  However, 
Rabll -depleted  cells  become  delayed  in  prometa/metaphase.  Scale  bar,  20  [im.  See  also  Movie  S4. 

(B)  Quantification  of  cells  that  spent  >60  min  or  <60  min  in  mitosis  following  lamin  (control)  or  Rabl  1  depletion,  or  after  expression  of  dominant-negative  (S25N) 
Rabl  1  (~5-fold  decrease  in  <60  min,  n  >  3  experiments;  p  <  0.001  between  lamin  siRNA  and  Rabl  1  siRNA). 

(C  and  D)  Rabl  1 -depleted  cells  spent  more  time  in  mitosis  (2-fold,  n  >  75  cells,  representative  of  n  =  3  experiments,  p  value  depicted  on  graph)  compared  with 
lamin  (control).  The  increased  time  spent  in  mitosis  and  asymmetric  divisions  can  be  rescued  by  an  RNAi-resistant  Rabl  1  construct.  Scale  bar,  20  pm. 

(E)  Asymmetric  division,  determined  by  cell  flattening  is  increased  in  Rabl  1 -depleted  cells,  p  <  0.001,  n  =  3  experiments,  asterisk  indicating  daughter  cell  that 
flattened  first  (C). 

See  also  Figure  S4  and  Movie  S4. 


(Figures  2B,  S2B,  3A-3D,  and  S3A;  modeled  in  Figure  3B).  Similar 
results  were  obtained  with  the  dynein  inhibitor  (Figures  3A-3C).  In 
contrast,  expression  of  constitutive-active  Rab11(Q70L)  induced 
tighter  organization  of  endosomes  at  spindle  poles  (Figures  3C 
and  S3A),  and  in  some  cases  fewer  endosomes  were  observed 
along  the  mitotic  spindle  (compare  minus  dynein  inhibition  to 
Rabl  1  (Q70L)  expression  in  images  and  line  scan  of  Figure  3C). 

Based  on  these  findings,  we  hypothesized  that  Rabll  re¬ 
cruited  dynein  to  mitotic  endosome  membranes.  To  test  this, 
we  assessed  whether  Rabl  1(Q70L)  could  rescue  endosome  or¬ 
ganization  at  mitotic  spindle  poles  when  dynein  was  inhibited. 
First,  we  showed  that  Rab11(Q70L)  expression  increased  spin¬ 
dle  pole-associated  endosomes  (Figure  3C;  quantification  in  Fig¬ 
ure  3D).  We  next  determined  that  endosomes  in  cells  expressing 
Rabl  1  (Q70L)  and  treated  with  a  dynein  inhibitor  (Firestone  et  al., 
2012)  were  decreased  to  the  same  level  as  treatment  alone  (Fig¬ 
ures  3C  and  3D),  suggesting  that  active-Rabl  1  recruits  dynein 
to  mitotic  endosomes.  To  address  this  more  directly,  we  exam¬ 
ined  mitotic  endosomes  isolated  from  cells  expressing  either 
Rabl  1  (Q70L)  or  Rabl  1  (S25N)  (Figures  3E  and  S3B).  Endosomes 
from  cells  expressing  constitutive-active  Rabl  1(Q70L)  recruited 
Rabl  1(Q70L)  and  dynein  but  those  from  cells  expressing  domi¬ 


nant-negative  Rab11(S25N)  recruited  neither  Rab11(S25N)  nor 
dynein.  As  a  positive  control,  Rabl  1(Q70L)  recruited  its  effector, 
FIP3,  to  mitotic  membranes  where  Rabl  1  (S25N)  did  not  (Figures 
3E  and  S3B).  These  results  suggest  that  active-Rabl  1  assists 
in  dynein  recruitment  to  endosomes  during  mitosis  (Figures  3B 
and  3E). 

Rabl  1  Is  Involved  in  Mitotic  Progression 

During  the  course  of  these  studies,  we  noticed  that  the  preva¬ 
lence  of  mitotic  cells  was  increased  when  Rabl  1  activity  was 
disrupted.  To  formally  address  the  origin  of  this  phenotype,  we 
performed  time-lapse  imaging  to  determine  the  time  spent  in 
mitosis  in  cells  depleted  of  Rabl  1  or  expressing  dominant-nega¬ 
tive  Rabll  (Rab11(S25N)  (FleLa  cells  in  Figures  4A  and  4B; 
U20S  cells  in  Figures  4C-4E,  S4A,  and  S4B).  Cells  were  engi¬ 
neered  to  express  histone  2B-RFP  (FI2B)  (Figure  4A;  Movie  S4) 
to  identify  chromosome  organization  and  mitotic  stage.  Eighty 
percent  of  control  cells  (Figure  4B)  or  60%  of  Rabl  1 -depleted 
cells  rescued  by  expression  of  a  siRNA-resistant  Rabl  1  (Figures 
4D  and  S2C)  progressed  into  anaphase  within  60  min.  In 
contrast,  only  ~20%  of  Rabl  1 -depleted  or  Rabl  1(S25N)-ex- 
pressing  cells  entered  anaphase  within  this  time  frame  (average 
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Figure  5.  Rabl  1  Is  Involved  in  Orientation  of 
the  Mitotic  Spindle 

(A)  Top:  Rabl  1  depletion  showed  increased  asym¬ 
metric  divisions  by  measuring  spindle  angle  (dotted 
line)  relative  to  substrate  (maximum  projection  of 
the  z  axis,  centrin  [green],  and  kinetochores 
[CREST,  red]).  Bottom:  quantification  showing  a 
significant  increase  (>20°)  of  spindle  angle  in  cells 
depleted  of  Rabll  (—2-fold,  n  =  3  experiments, 
p  <  0.001  comparing  spindle  angles  >20°  across 
treatments,  n  >  20  cells  counted/experiment). 

(B)  Longer  astral  MTs  in  constitutively  active 
Rab11(Q70L)-expressing  cells  compared  to 
dominant-negative  Rab11(S25N)-expressing  cells 
revealed  by  staining  for  a-tubulin  (green;  a'). 
Shown  is  quantification  of  astral  MT  length  (n  >  50 
asters  per  treatment,  p  <  0.001 ;  b').  Quantification 
showing  a  significant  increase  (>20°)  of  spindle 
angle  in  cells  expressing  Rab11(S25N)  compared 
to  Rab11(Q70L)  (n  =  3  experiments;  n  >  20  cells 
counted/experiment;  c')- 

(C)  Z  axis  maximum  projections  of  a  cell  ex¬ 
pressing  Rab11(Q70L)  and/or  incubated  with  a 
dynein  inhibitor  (n  =  3  experiments,  n  >  20  cells 
counted/experiment). 


100-130  min;  Figures  4B-4D  and  S4B).  This  mitotic  delay  was 
confirmed  by  imaging  live  cells  stably  expressing  cyclin  B-GFP 
to  distinguish  prometaphase  from  metaphase  cells.  As  ex¬ 
pected,  cyclin  B  levels  in  control  cells  were  highest  in  metaphase 
and  decreased  sharply  at  anaphase  onset  (Lindqvist  et  al.,  2009; 
Chen  et  al.,  201 2).  In  contrast,  cyclin  B  levels  in  Rabl  1  -depleted 
cells  (Figure  S4C)  remained  elevated  for  prolonged  time  periods, 
demonstrating  a  metaphase  delay. 

Rabll  Plays  a  Role  in  Spindle  Orientation 

The  mitotic  delay  following  Rabl  1  disruption  suggested  a  defect 
in  mitotic  spindle  organization  and  indicated  that  the  GTPase  may 
have  additional  mitotic  functions.  Closer  inspection  of  mitotic 
spindles  in  Rabl  1  -depleted  cells  revealed  several  defects  in  spin¬ 
dle  organization  and  function.  The  most  prevalent  phenotype  was 
misorientation  of  the  mitotic  spindle  and  the  plane  of  cell  division. 
More  specifically,  the  spindle  angle  relative  to  the  cell-substrate 
adhesion  plane  in  ~60%  of  Rabl  1 -depleted  cells  was  >20°, 
whereas  most  control  spindles  were  parallel  to  the  substratum 
(~80%)  (Figure  5A).  In  addition,  we  found  that  the  cell  division 
plane  was  oriented  more  vertically  in  Rabl  1 -depleted  cells 
compared  to  control  cells  where  the  division  plane  was  horizontal 
to  the  substratum  (Figure  4C).  The  misoriented  division  plane 
caused  a  delay  in  flattening  of  the  daughter  cell  farthest  away 
from  the  substrate  (Figure  4C;  quantification  in  Figure  4E).  To 


determine  the  cellular  and  molecular  basis 
of  spindle  and  cell  division  misorientation, 
we  examined  spindles  in  more  detail. 

Rabl  1  Plays  a  Role  in  Astral  MT 
Organization 

Astral  MT  arrays  in  cells  depleted  of 
Rabll  (data  not  shown)  or  expressing 
dominant-negative  Rab11(S25N)  were 
disrupted  when  compared  to  wild-type  or  constitutively-active 
Rab11(Q70L)-expressing  cells  (Figure  5B).  This  was  consistent 
with  the  increased  spindle  angle  in  either  Rabl  1 -depleted  cells 
(Figure  5A)  or  Rabl  1  (S25N)-expressing  cells  (Figure  SB).  Constitu¬ 
tively  active  Rabl  1  (Q70L)  enhanced  astral  MT  networks,  substan¬ 
tiating  the  importance  of  the  GTPase  state  of  Rabl  1  in  the  forma¬ 
tion  of  the  astral  MT  network,  which  is  the  subpopulation  of  spindle 
MTs  involved  in  contacting  dynein  at  the  cell  cortex  and  mediating 
spindle  reorientation  through  dynein  motor  activity  (Kotak  and 
Gonczy,  2013).  Consistent  with  this  is  our  finding  that  dynein 
inhibition  causes  an  increased  spindle  angle  similar  to  Rabll- 
depleted  cells  (Figure  5C).  Constitutively  active  Rab11(Q70L) 
could  not  rescue  the  spindle  asymmetry  phenotypes  observed 
under  dynein  inhibition  (Figure  5C)  compatible  with  dynein  and 
Rabl  1  coordinately  regulating  symmetric  division. 

Cell  and  Molecular  Mechanism  of  Spindle  Defects 
following  Rabll  Depletion 

The  localization  of  Rabl  1  to  spindle  poles  and  spindle  MTs  (Fig¬ 
ures  1  and  SI)  and  its  role  in  mitotic  progression  and  spindle 
assembly  (Figures  4  and  5)  suggested  a  role  for  the  GTPase  in 
spindle  pole  assembly  and  function.  Rabll  depletion  (Figures 
6A-6D  and  S2C)  or  dominant-negative  Rabl  1  (S25N)  expression 
(Figure  6E)  decreased  spindle  pole  levels  of  major  PCM  proteins 
(y-tubulin  and  pericentrin),  MT-anchoring  and  plus-end  binding 
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Figure  6.  Rabll  Contributes  to  the  Organization  of  the  Mitotic  Spindle 

(A)  Control  or  Rabl  1 -depleted  metaphase  cells  were  stained  for  y-tubulin  (red)  and  MTs  (green).  Scale  bar,  10  [xm. 

(B)  Loss  of  spindle  pole  proteins  as  indicated  in  Rabl  1  -depleted  cells  was  quantified  (n  =  3  experiments).  Fold  change  was  calculated  over  control  (lamin  siRNA). 
A  significant  loss  of  y-tubulin,  EBI,  RanBP2,  RanGTP,  and  pericentrin  was  observed  in  Rabl  1 -depleted  cells  (n  =  3;  p  <  0.001). 

(C)  Cells  were  depleted  of  lamin,  FIP3,  Rabl  1 ,  or  Rabl  1  complimented  with  siRNA-resistant  Rabl  1 .  Metaphase  cells  were  stained  for  y-tubulin  (red),  EBI  (green), 
and  CREST  (blue).  Scale  bar,  10  [xm. 

(D)  Spindle  pole-associated  y-tubulin  and  EBI  were  decreased  in  Rabll  -  and  FIP3-depleted  cells,  but  not  in  control  cells  (lamin  siRNA)  or  cells  treated  with 
Rabll -siRNA  rescued  with  an  siRNA-resistant  Rabll  vector  (n  >  25  poles  per  treatment;  p  values  depicted  on  graphs).  N.S.,  not  significant. 

(E)  A  significant  increase  in  y-tubulin  at  spindle  poles  was  observed  in  cells  expressing  Rabl  1  (Q70L)  when  compared  to  Rabl  1  (S25N)  (n  =  25  poles  per  treatment; 

p<  0.001). 

(F)  Control  prometaphase  cells  5  min  after  nocodazole  washout  had  robust  MT-growth  (green)  from  poles,  whereas  Rabl  1 -depleted  cells  had  a  significant 
number  of  MT  clusters  emanating  from  kinetochores  (CREST,  red)  and  little  from  poles  (data  not  shown).  Insets  show  kinetochores  with  MT  clusters  in  Rabl  1- 
depleted  cells  compared  to  none  in  control.  Scale  bar,  3  urn. 

(G)  Kinetochore  fibers  in  cells  expressing  WT-Rabl  1 ,  Rabl  1  (S25N),  and  Rabl  1  (Q70L)  after  cold  treatment,  fixation,  and  staining  with  anti-a-tubulin  (MTs,  green) 
and  kinetochores  (CREST,  red).  Scale  bar,  3  [xm.  Right:  quantification  of  kinetochore  fiber  disruption  following  Rab11(S25N)  expression,  (n  >  100  K-fibers  per 
treatment;  p  value  depicted  on  graph). 

See  also  Figure  S5. 
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proteins  (EB1),  and  MT  nucleation  regulators  (Ran-GTP  and  its 
binding  protein  RanBP2),  (~2-fold)  (Figures  6A-6E  and  S5A).  It 
is  important  to  reiterate  that  most  of  these  proteins  are,  at  least 
in  part,  bound  to  endosomes  (Figure  1).  Equally  important  was 
the  observation  that  spindle  pole  levels  of  the  centriolar  protein 
centrin  (Figure  5A)  and  the  MT-motor,  Kif2a  (Figure  S5B)  were 
not  affected  by  Rabl  1  depletion.  These  results  demonstrate  a 
role  for  Rabl  1  in  the  organization  of  a  selective  subset  of  spindle 
pole  proteins,  primarily  those  involved  in  centrosome  matura¬ 
tion,  the  process  of  centrosome  protein  recruitment  initiated 
during  progression  into  mitosis  and  completed  by  metaphase 
(Mahen  and  Venkitaraman,  2012).  This  rapid  recruitment  of 
centrosome  proteins  drives  a  dramatic  increase  in  MT-nucle- 
ating  activity  (Bornens,  2012). 

To  further  examine  the  role  of  Rabl  1  in  centrosome  maturation, 
we  performed  a  functional  test  monitoring  both  assembly  of 
centrosome  proteins  onto  spindle  poles  and  spindle-pole-medi- 
ated  MT-nucleating  activity  over  time.  Spindles  were  disas¬ 
sembled  with  nocodazole,  then  examined  at  different  times  after 
nocodazole  washout  for  protein  recruitment  and  MT  nucleation 
(Delaval  et  al.,  201 1)  (Figure  S5C).  At  1  min  of  regrowth,  spindle 
poles  in  control  cells  showed  an  increased  ability  to  nucleate 
MTs  and  recruit  the  spindle  pole  proteins  y-tubulin,  pericentrin, 
and  EB1  (Figure  S5C).  These  activities  were  impaired  in  Rabl  1- 
depleted  cells  (Figure  S5C).  At  5  min  of  regrowth,  control  cells 
nucleated  MTs  robustly  from  the  poles.  In  contrast,  Rabll- 
depleted  cells  showed  little  nucleation  at  poles.  Instead,  MT  clus¬ 
ters  assembled  at  kinetochores  (Figure  6F).  This  finding  suggests 
that  spindle  poles  in  Rabl  1 -depleted  cells  are  compromised  in 
their  ability  to  nucleate  MTs  thus  allowing  the  kinetochore-medi- 
ated  MT-formation  pathway  to  be  activated  or  dominant.  In  con¬ 
trol  cells,  when  spindle  poles  are  intact,  no  kinetochore  MTs  are 
generated.  This  result  also  demonstrates  that  kinetochores  are 
intact  and  functional  in  Rabl  1 -depleted  cells  and  are  not  likely 
candidates  for  chromosome  misalignment.  Eventually  after 
40  min,  spindles  were  assembled  with  noncongressed  chromo¬ 
somes  whereas  control  spindles  had  tight  metaphase  plates 
(Figure  S5D).  It  is  important  to  note  that  the  kinetochore-based 
process  of  spindle  assembly  in  Rabl  1 -depleted  cells  is  similar 
to  that  in  acentrosomal  cells  (Theurkauf  and  Hawley,  1992), 
where  spindle  MTs  grow  from  sites  around  kinetochores  then 
self-organize  into  a  spindle  (Heald  et  al.,  1996;  Theurkauf  and 
Hawley,  1992).  Based  on  these  findings  and  our  live-cell  video 
microscopy  (Figure  2),  we  conclude  that  Rabl  1  and  its  associ¬ 
ated  endosomes  assist  in  spindle  pole  function  by  organizing 
MT-nucleating  components  at  this  site  (Figure  6). 

To  more  closely  examine  kinetochore  fiber  integrity,  we  em¬ 
ployed  cold  treatment  to  specifically  eliminate  dynamic  MTs 
from  mitotic  cells  (Meunier  and  Vernos,  2011;  Firestone  et  al., 
2012).  Kinetochore  fibers  in  control  cells  were  well  organized 
and  robust  (Figures  6G  and  S5E).  Following  Rabl  1  depletion  or 
dominant-negative  Rab11(S25N)  expression,  kinetochore  fibers 
were  reduced  to  collections  of  small  disorganized  linear  seg¬ 
ments  (Figures  6G  and  S5E).  These  results  support  the  idea 
that  Rabl  1 -depleted  spindle  poles  are  compromised  in  MT 
nucleation  and  MT  anchoring  and  likely  release  MTs  as  observed 
(Figures  6G  and  S5E).  Finally  expression  of  constitutively  active 
Rab11(Q70L)  generated  longer  kinetochore-based  MTs  than 
cells  expressing  WT-Rabll  or  Rab11(S25N)  (Figure  6G).  These 


results  demonstrate  that  the  GTP  state  of  Rabll  is  important 
for  spindle  pole-mediated  MT  nucleation  and  anchoring. 

Rabll  Is  Involved  in  Chromosome  Alignment 

In  addition  to  spindle  misorientation,  Rabl  1 -depleted  cells 
showed  a  significant  increase  in  misaligned  chromosomes 
(~60%)  (Figure  S6A).  Chromosome  congression  and  alignment 
requires  both  attachment  of  chromosomes  to  MTs  and  tension 
on  the  chromosomes.  It  is  important  to  note  that  tension  on  chro¬ 
mosomes  requires  robust  MT  attachments,  not  only  at  kineto¬ 
chores  but  also  at  spindle  poles.  MT  attachment  to  poles  is  an 
integral,  but  often  unappreciated,  part  of  the  spindle  assembly 
process.  We  propose  that  disruption  of  spindle  poles  and  spin¬ 
dle  pole  generated  MTs  in  Rabl  1 -depleted  cells  (Figure  6)  dis¬ 
rupts  chromosome  attachments  to  spindle  pole  MTs  (Figure  7). 
Consistent  with  this  are  results  showing  that  kinetochores  are 
not  compromised  by  Rabl  1  depletion  as  they  can  induce  MT  for¬ 
mation  (Figure  6F)  and  activate  the  spindle  assembly  checkpoint 
(SAC)  (Figure  7).  These  compromised  MT  attachments  at  spindle 
poles  could  prevent  the  generation  of  tension  at  the  chromo¬ 
somes  and  thus  activate  the  SAC.  In  fact,  our  data  show  that 
the  SAC  is  activated,  as  Madl,  ZW10,  and  BubRI  remained  at 
kinetochores  in  Rabl  1 -depleted  cells.  There  was  no  change  in 
the  kinetochore  kinesin,  MCAK  (Figures  7A  and  7B),  suggesting 
that  the  kinetochores  were  structurally  intact.  We  further  found  a 
significant  increase  in  dynein  localization  to  kinetochores  in 
Rabll -depleted  cells  (Figure  S6B). 

We  propose  a  model  for  chromosome  alignment  that  is 
controlled  by  Rabl  1 .  First,  kinetochores  in  Rabl  1  -depleted  cells 
are  functional  in  that  they  are  able  to  activate  SAC  and  generate 
and  bind  to  MTs.  It  is  unlikely  that  they  are  the  cause  of  SAC  acti¬ 
vation.  In  contrast,  spindle  pole  MT  nucleation  and  anchoring 
are  disrupted,  which  can  prevent  or  compromise  MT  spindle 
pole  attachments,  (perhaps  through  the  MT-nucleating  protein 
y-tubulin).  This,  in  turn,  could  activate  the  SAC  through  the 
inability  to  maintain  tension  at  spindle  poles.  In  fact,  diminished 
tension  was  revealed  as  a  dramatic  reduction  in  interkinetochore 
distances  (Figure  7C)  and  the  presence  of  Aurora  B  at  kineto¬ 
chores  flanked  by  two  CREST-labeled  puncta  (Figure  7D),  where 
it  senses  tension  (Howell  et  al.,  2004;  Famulski  and  Chan,  2007; 
Lampson  and  Cheeseman,  2011). 

DISCUSSION 

This  work  has  led  us  to  unexpected  functions  of  the  Rabll 
GTPase  and  its  associated  endosomes.  First,  our  results  provide 
evidence  for  Rabl  1  function  in  the  construction  of  spindle  poles. 
We  propose  that  this  occurs  through  dynein-mediated  transport 
of  endosomes  that,  in  turn,  carries  MT  nucleating/anchoring  and 
regulatory  proteins  to  the  poles.  In  essence,  Rabl  1  endosomes 
act  as  carriers  to  recruit  and  organize  MT-nucleating  material  at 
spindle  poles  through  dynein  (Figures  1,  2,  and  3).  We  believe 
that  this  is  particularly  significant  because  previous  studies  sug¬ 
gested  that  endosomes,  like  Golgi  complexes  and  endoplasmic 
reticulum  disperse  throughout  the  cytoplasm  during  mitosis,  and 
membrane  trafficking  is  thought  to  be  halted  until  cytokinesis 
(Foley  and  Kapoor,  2013;  Yadav  and  Linstedt,  2011;  Chen 
et  al.,  2012).  Second,  when  Rabll  is  disrupted,  the  molecular 
and  functional  integrity  of  spindle  poles  is  compromised.  This 
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Figure  7.  Rabll  Is  Involved  in  Chromosome 
Alignment 

(A)  The  spindle  assembly  checkpoint  proteins 
BubRI,  ZW10,  and  MAD1  (green)  are  maintained 
on  kinetochores  (CREST,  blue)  in  Rabl  1 -depleted 
cells  compared  to  control;  no  difference  in  MCAK 
was  observed.  Scale  bar,  5  ^m. 

(B)  Labeled  checkpoint  proteins  were  quantified 
on  individual  kinetochores  and  normalized  to 
CREST.  A  significant  increase  in  MAD1,  BUBRI, 
and  ZW10  was  observed  (n  >  200  kinetochores 
per  treatment;  p  values  marked  on  graph).  N.S., 
nonsignificant.  Scale  bar,  5  pirn. 

(C)  MT  attachments  and  tension  were  examined 
by  measuring  the  distance  between  two  CREST 
(red)  puncta  for  n  >  300  kinetochores,  n  >  25  cells. 
Rabl  1  -depleted  cells  displayed  a  2-fold  decrease 
in  the  distance  between  kinetochores  (^0.5  pirn). 
Refer  to  p  values  on  graph.  Scale  bar,  5  [xm. 

(D)  Noncongressed  chromosomes  in  Rabll- 
depleted  cells  revealed  by  staining  for  Aurora  A 
(blue),  Aurora  B  (green,  see  insets  from  boxes), 
and  kinetochores  (CREST,  red).  Representative  of 
n  =  10  cells.  Scale  bar,  5  [xm. 

See  also  Figure  S6. 


diminishes  astral  MT  integrity  and  inhibits  MT  attachment  to 
cortical  sites  essential  for  orienting  spindles.  This  work  reveals 
a  function  for  Rabl  1  in  spindle  pole  assembly  and  spindle  orien¬ 
tation.  Third,  compromised  MTs  at  spindle  poles  in  Rabll -dis¬ 
rupted  cells  can  explain  the  misaligned  chromosomes,  mitotic 
delay,  and  activation  of  the  SAC.  Our  results  support  a  pathway 
for  activation  of  the  SAC  through  poor  MT  attachments  to  spindle 
poles.  This  pathway  is  conventionally  thought  to  sense  defects 
in  kinetochores-MT  attachments,  but  we  contend  that  poor  MT 
attachments  can  occur  at  kinetochores  and/or  spindle  poles 
(Zimmerman  and  Doxsey,  2000;  Delaval  et  al.,  2011;  Firestone 
etal.,  2012).  Compromised  attachments  at  either  site  will  prevent 
MT  tension,  which  is  required  to  satisfy  the  SAC  and  permit 
anaphase  onset.  The  most  compelling  data  for  this  additional 
aspect  of  an  old  pathway  is  that  kinetochore  integrity  and  func¬ 
tion  is  normal  in  Rabll  cells  (MT  nucleation,  SAC  activation, 
presence  of  kinetochore  proteins-MCAK,  CREST,  and  pi  50; 
data  not  shown)  and  is  sufficient  to  drive  spindle  assembly 
(at  least  the  early  stages)  presumably  through  activation/domi¬ 
nance  of  the  acentrosomal  kinetochore/chromatin-based 
pathway.  Within  the  same  Rabl  1 -depleted  cells  lies  the  centro- 
some,  which  usually  acts  dominantly  in  vertebrate  cells  to  drive 
spindle  assembly.  However,  the  deleterious  effects  of  Rabll 
depletion  compromise  the  centrosome  presumably  rendering  it 
inadequate  for  spindle  assembly. 


EXPERIMENTAL  PROCEDURES 

Reagents  and  siRNAs  are  discussed  in  Supple¬ 
mental  Experimental  Procedures. 

Immunofluorescence 

A  human  osteosarcoma  cell  line,  U20S,  HeLa- 
GFP-FIP3  (kind  gift  from  Dr.  Rytis  Prekeris,  Univer¬ 
sity  of  Colorado),  HeLa-GFP-dynein  heavy  chain 
(DHC,  kind  gift  from  Dr.  Cheeseman,  MIT), 
HeLa-GFP-cyclin  B/  H2B-RFP  (kind  gift  from 
Dr.  Gerlich),  or  parental  HeLa  cells  were  cultured  in  D-minimal  essential  me¬ 
dium  (MEM)  supplemented  with  10%  fetal  bovine  serum  (FBS)  and  100  U/ml 
penicillin-streptomycin.  HeLa  (GFP-FIP3)  was  kept  under  selection  conditions 
with  Hydromycin  B  (Sigma).  U20S  or  HeLa  cells  were  grown  to  subconfluence 
on  glass  coverslips  and  prepared  for  immunofluorescence,  fixed  using  either 
saponin  extraction  with  formaldehyde  or  methanol  (Hehnly  et  al.,  2009).  Im¬ 
ages  were  taken  on  a  Perkin-Elmer  Ultraview  spinning  disk  confocal  micro¬ 
scope:  Zeiss  Axiovert  200,  100X  Plan-APOCROMAT  NA1.4  oil,  DIC  lens, 
and  Hamamatsu  ORCA-ER  camera.  The  entire  fixed-cell  volume  was  imaged 
and  displayed  as  a  two-dimensional  projection  (Meta-Morph,  Molecular 
Devices)  to  ensure  that  all  stained  material  was  visible  in  two-dimensional 
images. 

Live-Cell  Imaging 

Cells  were  cultured  on  35  mm  dishes  containing  a  central  14  mm  1.5  glass 
coverslip  (MatTek).  Confocal  microscopy  was  performed  on  a  Solamere  Tech¬ 
nology  Group  CSU10B  Spinning  Disk  Confocal  System  attached  to  a  Nikon 
TE2000-E2  motorized  inverted  fluorescence  microscope.  For  GFP  and  RFP, 
imaging  frames  were  acquired  every  100  ms  using  a  Rolera  MGi  EMCCD 
14-bit  camera  (Qimaging).  MetaMorph  (Molecular  Devices)  software  was 
used  for  equipment  control,  image  acquisition,  and  image  analysis. 

Tracking  Vesicle  Movement 

GFP-FIP3  particles  were  semiautomatically  monitored  for  50-100  frames 
taken  every  100  ms  in  a  single  z  axis  using  MetaMorph.  After  configuring 
MetaMorph  to  determine  intensity  centroids  for  each  particle,  up  to  20  GFP- 
FIP3  particles  paths  and  velocities  were  measured  per  cell.  We  used  50  [xm 
of  ciliobrevin  for  dynein  inhibition  (Firestone  et  al.,  2012). 
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Transferrin  Endocytosis 

U20S  or  HeLa  cells  were  treated  with  10  [xg/ml  Alexa-Fluor  594-transferrin 
(Tfn)  as  described  (Hehnly  et  al.,  2012,  2006).  The  cells  were  placed  at 
37°C.  The  amount  of  internalized  Tfn  was  detected  using  fluorescent 
microscopy. 

Image  Analysis 

Z  stacks  are  shown  as  2D  maximum  projections  (MetaMorph)  or  processed  for 
3D  rendering  (Imaris).  Spindle  pole  fluorescence  was  quantified  as  described 
for  the  kinetochore,  along  with  kinetochore  fluorescence  (Howell  et  al.,  2004). 
Concentric  circle  regions  defined  by  MetaMorph  software  (Molecular  Devices) 
were  used  to  define  the  inner  (centrosome  or  kinetochore)  and  outer  area  (local 
background  area  was  calculated  as  the  difference  between  the  outer  and  inner 
circle  areas).  These  circular  areas  contain  the  calculated  integrated  intensities. 
Cells  were  counted  for  three  independent  experiments  as  described.  Graphs 
were  created  and  statistical  analysis  was  completed  using  GraphPad 
Prism  software.  Bars  represent  SE,  p  <  0.05  was  considered  as  statistically 
significant. 

Membrane  Isolation 

HeLa  GFP-FIP3  cells  were  washed  with  a  8%  sucrose,  10  mM  Tris-HCI, 
100  (iM  GTP,  100  [xM  ATP,  10  [xM  BME,  and  1  [xM  PMSF  (pH  7.4)  buffer, 
homogenized  with  a  Dounce  homogenizer,  and  spun  at  5,000  x  g  for 
3  min  to  generate  postnuclear  supernatant.  The  postnuclear  supernatant 
was  spun  at  50,000  x  g  to  generate  a  membrane  pellet,  the  membrane  pel¬ 
let  was  then  resuspended  to  a  final  concentration  of  50%  sucrose  and 
layered  beneath  a  sucrose  step  gradient  from  40%  to  15%.  The  gradient 
was  placed  in  the  TLA  100.3  rotor  and  spun  at  45,000  x  g  for  2  hr  at  4°C 
(Hehnly  et  al.,  2010).  Fractions  were  collected  and  run  on  an  SDS-PAGE 
gel  and  the  fraction  containing  endosomes  saved  for  in  vitro  MT  regrow 
experiments. 

In  Vitro  Microtubule  Nucleation  from  Membranes 

The  microtubule  nucleation  solution  assays  were  performed  as  described 
with  a  few  modifications  (Ori-McKenney  et  al.,  2012;  Macurek  et  al.,  2008). 

GFP-labeled  FIP3  endosomes  were  partially  purified  from  mitotic  cells  by 
membrane  flotation  through  a  sucrose  step  gradient,  then  incubated  with 
10  [xM  tubulin/tubulin-Cy3  (cytoskeleton;  at  a  10:1  ratio)  and  1  mM  GTP  at 
37°C  for  20  min.  The  solution  was  incubated  with  4%  PFA  and  spun  onto  a 
coverslip.  GFP-FIP3-labeled  endosomes  were  counted  for  Cy3  tubes. 

SUPPLEMENTAL  INFORMATION 

Supplemental  Information  includes  Supplemental  Experimental  Procedures, 
six  figures,  and  four  movies  and  can  be  found  with  this  article  online  at 
http://dx.doi.Org/1 0. 1 01 6/j.devcel.201 4.01 .01 4. 
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Summary 

The  recycling  endosome  localizes  to  a  pericentrosomal 
region  via  microtubule-dependent  transport.  We  previously 
showed  that  Seel 5,  an  effector  of  the  recycling  endosome 
component,  Rabll-GTPase,  interacts  with  the  mother 
centriole  appendage  protein,  centriolin,  suggesting  an  inter¬ 
action  between  endosomes  and  centrosomes  [1,  2].  Here  we 
show  that  the  recycling  endosome  associates  with  the 
appendages  of  the  mother  (older)  centriole.  We  show  that 
two  mother  centriole  appendage  proteins,  centriolin  and 
cenexin/ODF2,  regulate  association  of  the  endosome  com¬ 
ponents  Rabll,  the  Rabll  GTP-activating  protein  Evi5,  and 
the  exocyst  at  the  mother  centriole.  Development  of  an 
in  vitro  method  for  reconstituting  endosome  protein  com¬ 
plexes  onto  isolated  membrane-free  centrosomes  demon¬ 
strates  that  purified  GTP-Rabll  but  not  GDP-Rabll  binds 
to  mother  centriole  appendages  in  the  absence  of  mem¬ 
branes.  Moreover,  centriolin  depletion  displaces  the 
centrosomal  Rabll  GAP,  Evi5,  and  increases  mother- 
centriole-associated  Rabl  1 ;  depletion  of  Evi5  also  increases 
centrosomal  Rabll.  This  indicates  that  centriolin  localizes 
Evi5  to  centriolar  appendages  to  turn  off  centrosomal 
Rabll  activity.  Finally,  centriolin  depletion  disrupts  recy¬ 
cling  endosome  organization  and  function,  suggesting  a 
role  for  mother  centriole  proteins  in  the  regulation  of 
Rabll  localization  and  activity  at  the  mother  centriole. 

Results  and  Discussion 

The  Exocyst,  Evi5,  and  Rabll  Localize  to  Mother  Centriole 
Appendages 

One  mother  centriole  protein,  centriolin,  interacts  with  the  exo¬ 
cyst  subunit  Seel  5  [1],  a  known  effector  of  the  recycling-endo- 
some  GTPase,  Rabll  [2,  3].  Because  centriolin  localizes  to 
subdistal  appendages  of  the  mother  centriole  [1 , 4],  we  asked 
whether  recycling  endosome  components  cofractionated  with 
isolated  centrosomes  (see  Supplemental  Experimental  Proce¬ 
dures  available  online,  [5]).  Sucrose  fractions  prepared  for 
immunoblotting  showed  that  the  endosome  components 
Seel  5,  Rabl  1 ,  and  the  Rabl  1  GTPase  Evi5  [6-8]  were  enriched 
in  fractions  defined  by  the  centrosome  components  y-tubulin, 
centriolin,  and  pericentrin  (Figure  SI  A;  [5]).  The  ability  of 
these  endosomal  proteins  to  associate  with  isolated  centro¬ 
somes  demonstrated  that  they  were  bona  fide  centrosome 
components. 

Centrosome  localization  of  endosome-associated  proteins 
was  initially  observed  in  cells  (e.g.,  Seel 5,  Sec6,  Rabll,  and 
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the  Rabll  GTPase,  Evi5,  Figure  SID).  To  more  precisely  test 
for  mother  centriole  localization,  we  examined  centrosome 
fractions  from  sucrose  gradients  that  were  spun  onto  cover- 
slips  and  prepared  for  immunofluorescence.  Quantitative  anal¬ 
ysis  showed  a  significant  fraction  of  Rabll  (90%),  Seel 5 
(90%),  Exo84  (50%),  and  Evi5  (20%)  at  the  mother  centriole 
(Figures  1 A  and  1 B).  These  results  are  likely  an  underrepresen¬ 
tation,  because  only  centrosomes  with  exclusive  localization 
to  the  mother  centriole  were  scored.  In  contrast,  neither 
Rab8,  another  GTPase  with  recycling  endosome  localization 
[9],  nor  the  Rabll  effector  FIP3  [10,  11]  showed  significant 
localization  to  isolated  centrosomes  (Figure  IB).  It  is  possible 
that  these  proteins  may  associate  but  are  less  integral  and  lost 
in  the  purification  process. 

We  examined  mother  centriole  appendages  role  in  an¬ 
choring  endosome-associated  components.  Cenexin/Odf2  is 
a  mother  centriole  appendage  protein  whose  depletion  specif¬ 
ically  disrupts  the  integrity  of  appendages,  but  does  not  affect 
overall  centrosome  structure  ([12];  Figure  ID;  Figures  SIC 
and  SID).  Cenexin  depletion  (Figure  1C)  mislocalized  the 
appendage  protein  centriolin  ([12,  13];  Figure  ID),  as  well  as 
Rabll,  Evi5,  and  the  exocyst  components  Seel 5  and  Sec6 
(Figure  1 D;  quantification  in  Figures  SI  B  and  SI  C).  This  pheno¬ 
type  was  observed  in  both  isolated  centrosomes  (Figure  1 D) 
and  centrosomes  in  situ  (Figure  SI  D).  In  parallel  studies,  cen¬ 
triolin  depletion  [1]  did  not  affect  cenexin  localization  (Fig¬ 
ure  SIC).  We  conclude  that  several  endosome-associated 
components  (Rabll,  Evi5,  and  the  exocyst  subunits  Seel 5 
and  Sec6)  require  appendages  for  their  localization  to  the 
mother  centriole. 

Centriolin  Regulates  Exocyst  and  Evi5  Mother  Centriole 
Localization 

To  understand  the  molecular  organization  of  endosome  com¬ 
ponents  at  mother  centriole  appendages,  we  tested  centriole- 
appendage  localization  following  depletion  of  appendage  or 
endosome  proteins.  Centriolin  depletion  diminished  the  cen¬ 
trosome  localization  of  the  exocyst  subunits  Seel  5,  Sec6, 
and  Exo84,  as  well  as  Evi5  (Figure  2A).  In  contrast,  depletion 
of  Evi5  (Figure  2A;  Figure  S2C),  Rabl  1  (Figure  2A;  Figure  S2A), 
or  Seel  5  (data  not  shown)  had  no  effect  on  centrosome  local¬ 
ization  of  centriolin,  confirming  centriolin-anchoring  of  these 
molecules  (Figure  2A). 

We  next  tested  the  requirement  of  centriolin  for  Seel  5 
mother  centrosome  localization  using  a  competition  assay 
(Figure  2B;  Figure  S2B).  When  expressed  in  cells,  the  centriolin 
Nudl  domain,  previously  shown  to  interact  with  Seel  5  [1], 
decreased  mother-centriole-associated  Seel  5  in  isolated 
centrosome  preparations  (2-fold,  Figure  2B).  In  contrast,  the 
centriolin  C  terminus,  which  does  not  interact  with  Seel  5  [1], 
had  no  significant  effect.  Taken  together,  these  findings 
suggest  a  hierarchy  of  centrosome  organization,  where  cen¬ 
exin  and  appendages  anchor  centriolin,  which,  in  turn,  anchors 
Seel  5  and  Evi5  (Figure  2A). 

We  confirmed  that  myc-tagged-Evi5  coimmunoprecipitated 
Rabl  1  [7, 8],  as  well  as  the  exocyst  subunit,  Exo84  and  centrio¬ 
lin  (Figure  S2D).  Thus,  the  molecular  organization  of  this  sub¬ 
complex  at  the  centrosome  was  examined.  Sec6  depletion 


Mother  Centriole  Appendages  Interact  with  Rabl  1 

1945 


A 


5051  Rabll 


Centriolin- 

mVenus 


Merge 


B 


%  centrosomes  with  staining  c 
concentrated  on  mother  centriole 


Total  cell 
Lysate 


Centriolin 

Cenexin 

Evi5 
Seel  5 

a-tub 

Rabll 


&  <F 


v^> 
v  Oe 


270  kd 
100  kd 
100  kd 
95  kd 

50  kd 
22  kd 


Figure  1 .  Recycling  Endosome  Components  Associate  with  Appendages  of  the  Mother  Centriole 

(A)  Membrane-free  centrosomes  were  isolated  from  cells  expressing  centriolin-mVenus  (green),  spun  onto  glass  coverslips  [31]  and  stained  for  centro¬ 
somes  (5051 ,  blue)  and  Rabl  1  (red).  Rabl  1  costained  with  centriolin-mVenus,  which  was  concentrated  on  the  mother  centriole  [4].  Merge  of  5051 ,  centrio- 
lin-mVenus,  and  Rabll  signals  are  shown  in  white.  Scale  bar  represents  1  ^m. 

(B)  Percentage  of  Seel  5,  Rabl  1 ,  Exo84,  Evi5,  FIP3,  Rab8,  centriolin,  and  5051  that  localize  to  isolated  centrosomes  (both  centrioles)  and  concentrate  on  the 
mother  centriole  (as  in  A),  (n  =  3  independent  experiments;  error  bar  is  SE,  150  centrosomes/bar). 

(C)  Cell  lysates  from  cells  treated  with  lamin  (control)  or  cenexin  siRNAs  show  cenexin  depletion  and  no  significant  changes  in  the  levels  of  other  proteins. 

(D)  Isolated  centrosomes  (as  in  A)  from  cells  depleted  of  cenexin  or  lamin  were  stained  for  centrin  (green),  Seel  5  (red),  Rabl  1  (red),  Evi5  (red),  centriolin  (red), 
and  cenexin  (red).  Bottom  images  show  centrin. 


caused  the  expected  decrease  in  centrosome-associated 
Sec6  and  Seel  5,  suggesting  exocyst  complex  disruption  (Fig¬ 
ure  2C).  Moreover,  exocyst  disruption  mislocalized  Evi5  from 
centrosomes  (Figure  2C).  In  contrast,  Evi5  depletion  had  no 
effect  on  centrosome  association  of  the  exocyst  (Figure  2A) 
suggesting  that  the  centriolin-bound-exocyst  anchors  Evi5  at 
centrosomes  (Figure  2D).  We  conclude  that  centriolar- 
appendage-bound  centriolin  anchors  the  exocyst  and  Evi5. 

Rabll  Activity  Governs  Its  Association  with  Mother 
Centriole  Appendages 

The  dependency  of  Rabl  1  on  cenexin  (Figure  1 D)  for  its  local¬ 
ization  to  the  mother  centriole,  suggested  that  these  proteins 
might  interact.  This  idea  was  supported  by  related  data 
showing  that  a  cenexin  splice  variant,  cenexin-3,  which  local¬ 
izes  to  the  primary  cilium,  interacts  with  Rab8-GTP  [14].  Rab8 
and  Rabll  share  certain  effectors  that  include  the  exocyst 
subunit  Seel  5  [2],  and  they  may  share  others.  Immunoprecip- 
itated  Rabll  pulled  down  full-length  endogenous  cenexin.  In 
a  reciprocal  experiment,  cenexin  immunoprecipitation  pulled 
down  Rabll  (Figure  S3A).  In  addition,  full-length  cenexin 
expressed  in  cells  and  a  C-terminal  cenexin  domain  (GFP- 


T6)  interacted  with  Rabll  but  an  N-terminal  domain  did  not 
(GFP-T3)  (Figure  S3B).  To  our  knowledge,  this  is  the  first 
demonstration  of  an  interaction  between  the  endosome 
protein  Rabll  and  the  centrosome  appendage  protein  cen¬ 
exin.  This  interaction  may  provide  the  structural  and  functional 
link  between  the  endosome  and  centrosome. 

We  tested  whether  the  GTP-binding  state  of  Rabll  plays 
a  role  in  its  ability  to  associate  with  cenexin  (Figure  S3C)  and 
more  importantly,  the  mother  centriole  (Figure  3A;  Figure  S3D). 
Cenexin  showed  a  significant  preference  for  the  constitutively- 
active  Rabl  1  (Q70L)  compared  to  the  dominant-negative  form 
(Rab11-S25N)  (Figure  S3D).  Immunofluorescence  staining  of 
isolated  centrosomes  from  cells  expressing  Rabll  (Q70L) 
and  wild-type  (WT)  Rabll  showed  colocalization  with  the 
mother  centriole  ~80%  of  the  time,  compared  with  ~20% 
for  the  dominant-negative  Rabll  (S25N,  Figure  S3D). 

Based  on  these  findings,  we  developed  an  in  vitro  assay  for 
reconstituting  endosome  protein  complexes  on  isolated 
centrosomes  to  test  for  direct  binding  of  purified  bacterially 
expressed  GST-Rabll  to  centrosomes  in  the  absence  of 
microtubules  and  membranes.  We  found  that  GST-Rabll 
coupled  to  the  GTP  analog,  GTPyS,  showed  increased  binding 
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Figure  2.  Centriolin  Regulates  the  Centrosomal  Localization  of  the  Exocyst  and  Evi5 

(A)  Cells  stably  expressing  centriolin-mVenus  (green)  were  stained  for  Seel  5  (red).  Scale  bar  represents  1 0  urn.  Below  the  immunofluorescence  images,  we 
show  the  percent  of  cells  with  centrosome  (stained  with  5051 )  localized  Seel  5,  Sec6,  Exo84,  Rabl  1 ,  Evi5,  centriolin,  or  cenexin.  These  values  were  calcu¬ 
lated  in  cells  treated  with  siRNAs  targeting  lamin,  Rabl  1 ,  centriolin,  or  Evi5  (n  =  3  experiments,  n  =  50  centrosomes/treatment/experiment.  Error  bar  is  SE). 

(B)  Centrosomes  isolated  from  cells  expressing  GFP,  GFP-Nudl,  or  GFP-C  terminus  were  stained  for  centrin  (green)  and  Seel  5  (red).  On  the  right,  the 
fold-change  of  Seel  5  on  isolated  centrosomes  was  calculated  (n  =  3  experiments,  p  <  0.02,  n  >  25  centrosomes/treatment.  Error  bar  is  SE). 

(C)  Left,  exocyst  disruption  (Sec6  depletion)  diminishes  Evi5  and  Seel  5  signal  at  centrosome.  On  the  right,  the  quantification  of  percent  of  cells  with  no 
centrosome  localization  is  shown  (n  =  3  experiments,  *p  values  <  0.02,  error  bar  is  SE).  Lamin  depletion  was  used  as  control. 

(D)  Proposed  structural  model  for  the  hierarchy  of  molecular  anchoring  at  the  mother  centriole:  (1)  cenexin  anchors  centriolin  at  the  appendages  of 
the  mother  centriole,  (2)  centriolin  anchors  its  binding  partner  the  exocyst,  and  (3)  the  exocyst  anchors  Evi5,  which  is  a  known  binding  partner  of 
Rabl  1  -GTP  and  its  proposed  GAP. 


to  the  mother  centriole  compared  to  GST-Rabll  coupled 
to  GDP  (2.5-fold,  Figure  3A).  Importantly,  binding  of  GST- 
Rabll -GTPyS  to  isolated  centrosomes  was  inhibited  in  cells 
depleted  of  cenexin  (Figure  3A).  These  biochemical  and 
morphological  data  show  that  GTP-bound  Rabll  preferen¬ 
tially  associates  with  the  mother  centriole,  through  cenexin. 


To  assess  the  role  of  Rabll  activity  in  mother  centriole 
association,  a centrosome-localized  Rabll  GAP,  we  depleted 
Evi5  [6-8],  from  cells  ([15];  Figure  S2C).  Evi5  depletion  signifi¬ 
cantly  increased  Rabll  (Rabll -GTP)  at  the  mother  centriole 
(Figure  S3E).  We  showed  that  this  was  due  to  Evi5  GAP 
activity  by  comparing  the  amount  of  active-Rabll  in  Evi5 


Mother  Centriole  Appendages  Interact  with  Rabl  1 

1947 


A  GAPDH  shRNA  Cenexin  shRNA  b 


Centrin  & 
GST 


GDP  + 

GTPyS  -  + 

GST-Rabll  +  + 


+ 


+ 


+ 

+ 


Rabll,  MBP,  & 
Centrin 


MBP  MBP 


Evi5N 


GAPDH 


3  i 

CO 

shRNA 

f—  ■<* 

ffl  ° 

T 

-  J»  2  - 

“O  ** 

Cenexin 

0  r 

0  => 

shRNA 

o><  1  - 
0 

J= 

0  - 

-I- 

1* 

C/) 

CO  0 


p<1*10~4 


MBP 


GDP  +  -  +  - 

GTPyS  -  +  -  + 

GST-Rabll  +  +  +  + 


MBP-Evi5N  -  + 


c  Centrin  Centrin 


Lamin  Centriolin 
siRNA  siRNA 


D 


Rabll  activity  at  the 
mother  centriole  appendages 


Cenexin 


Endocytic  Recycling 


/ 


Centriolin 


I 


Rabll-GTP  — »  Rabll -GDP 


Exocyst  >  Evi5  Rabll  GAP 


Figure  3.  Membrane-free  Rabl  1  -GTP  Specifically  Associates  with  Cenexin  at  Mother  Centrioles 

(A)  Isolated  centrosomes  from  GAPDH-  or  cenexin-depleted  cells  were  incubated  with  purified  GST-Rabll -GTPyS  or  GST-Rabll -GDP,  spun  onto  glass 
coverslips,  and  stained  for  centrin  (green)  and  GST  (red).  Below,  GST  intensity  at  centrosome  was  calculated.  Representative  of  n  =  3  experiments, 
n  >  100  centrosomes  per  condition.  P  value  is  p  <  1  x  10-4  between  Rabll -GDP  and  Rabll  -  GTPyS  in  control  cells;  error  bar  is  SE. 

(B)  Isolated  centrosomes  were  incubated  with  purified  MBP  or  MBP-Evi5N,  spun  onto  glass  coverslips,  stained  for  Rabl  1  (green),  MBP  (blue),  or  centrin.  Below, 
Rabl  1  intensity  at  centrosome  was  calculated.  Representative  of  n  =  3  experiments,  n  >  30  centrosomes/condition.  P  value  is  p  <  1  x  1 0-4.  Error  bar  is  SE. 

(C)  Isolated  centrosomes  from  cells  depleted  of  centriolin  were  stained  for  centrin  (red),  Evi5  (green),  and  Rabl  1  (green).  Scale  bar  represents  1  ^m.  Below, 
Rabl  1  (gray)  or  Evi5  (green)  intensity  at  the  centrosome  was  calculated.  Representative  of  n  =  3  experiments  with  p  value  <1x1 0-4,  n  >  50  centrosomes/ 
treatment/experiment;  error  bar  is  SE. 

(D)  Model  for  regulating  Rabl  1  activity  at  the  mother  centriole.  Cenexin  organizes  centriolin,  Exocyst,  and  Evi5.  The  mother  centriole  localization  of  Evi5  can 
then  act  on  Rabl  1  -GTP  and  convert  it  to  inactive  Rabl  1  -GDP. 
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Figure  4.  Mother  Centriole  Appendage  Protein  Depletion  Disrupts  Recycling  Endosome  Function 

(A)  TEM  of  cells  after  endocytosis  of  Tfn-HRP-DAB,  showing  reaction  product  around  the  mother  centriole  and  concentrated  near  appendages  (four  small 
white  arrows,  right  panel).  Arrowheads  (black)  depict  “trails”  of  Tfn  in  left  and  right  panels.  Scale  bar  represents  1  urn. 

(B)  Image  of  a  single  centriole  with  electron-dense  Tfn-HRP-DAB  filled  endosomes  emanating  from  what  appear  to  be  centriole  appendages  (small  white 
arrows  indicate  appendages;  large  black  arrowheads  indicate  “endosome  trails”  of  Tfn).  Scale  bar  represents  500  nm. 

(C  and  D)  Cells  were  treated  with  centriolin  small  hairpin  RNA  (shRNA),  nontargeting  (NT)  shRNA  (control),  or  cenexin  shRNA. 

(C)  Cells  were  incubated  with  Alexa  Fluor  594-conjugated  Tfn  (red)  and  chased  for  up  to  60  min  with  nonconjugated  Tfn.  Cells  were  fixed  at  the  indicated 
times.  Insets  show  cells  with  GFP-shRNA  expression. 

(D)  Biotinylated-Tfn  filled  cells  were  chased  with  nonconjugated  Tfn  for  indicated  times.  Biotinylated-Tfn  levels  were  quantified  by  densitometry 
(the  difference  between  NT-shRNA  and  centriolin  shRNA  or  cenexin  shRNA  at  40  min  is  statistically  significant,  p  value  <  0.05,  n  =  3  experiments,  error 
bar  is  SE). 


depleted  cells  compared  to  control  (Figure  S4D).  In  a  recip¬ 
rocal  experiment,  a  maltose-binding  protein  (MBP)-tagged 
bacterially  expressed  Evi5  N-terminal  GAP  domain  (MBP- 
Evi5N)  ([16, 17];  Figure  3B)  was  purified  and  added  to  isolated 
centrosomes.  This  induced  a  decrease  in  endogenous 
mother-centriole-associated  Rabll  (versus,  MBP  alone,  Fig¬ 
ure  3B).  Taken  together,  the  increase  in  active  Rabll  at  the 
mother  centriole  (1)  in  the  in  vitro  Rabll  centrosome  binding 
experiments  (Figure  3A),  (2)  in  cells  depleted  of  Evi5  (Fig¬ 
ure  S3E),  and  (3)  in  cells  expressing  Rabll  mutants  (Fig¬ 
ure  S3D)  provides  strong  evidence  for  a  model  in  which  the 
association  of  Rabl  1  with  the  mother  centriole  appendages 


is  specific  and  enhanced  when  the  GTPase  is  in  its  active, 
GTP-bound  state. 

We  examined  the  relationship  between  Rabll  and  Evi5. 
Earlier,  we  showed  that  Evi5  is  mislocalized  from  mother 
centriole  appendages  upon  cenexin  or  centriolin  depletion 
(Figures  ID  and  2A).  In  contrast,  Rabll  is  mislocalized  from 
appendages  only  in  cenexin-depleted  cells  (Figures  ID  and 
2A).  When  isolated  centrosomes  were  prepared  from  centrio- 
lin-depleted  cells  lacking  Evi5  (Figure  3C),  there  was  a  signifi¬ 
cant  mother-centriole-specific  increase  in  Rabll  levels  (Fig¬ 
ure  3C).  We  propose  a  model  where  Evi5  bound  to  cenexin 
through  centriolin  regulates  the  activity  of  cenexin-bound 
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Rabll  at  the  mother  centriole  and  possibly  endocytic  recy¬ 
cling  (Figure  3D). 

Endosomes  Are  Organized  around  Mother  Centriole 
Appendages,  and  Their  Recycling  Activity  Requires 
Centrosome-Associated  Endosome  Proteins 
We  have  shown  that  endosome  proteins  localize  to  mother 
centriole  appendages.  We  next  asked  whether  centrosome- 
anchored  endosome  components  regulate  endosome  organi¬ 
zation  and  function.  We  examined  endosome  organization 
at  the  centrosome  by  labeling  endosomal  compartments 
with  transferrin  (Tfn)-HRP  (horseradish  peroxidase)  (see 
Supplemental  Experimental  Procedures)  and  examined  the 
electron-dense  Tfn-HRP  reaction  product  by  transmission 
electron  microscopy  (TEM).  We  found  that  endosomes  were 
primarily  localized  to  one  centriole  (Figure  4A).  Moreover, 
most  were  organized  into  multiple  discrete  elongated  periodic 
structures  around  the  distal  aspect  of  one  centriole,  ultrastruc- 
tural  features  highly  reminiscent  of  subdistal  appendages 
(Figure  4A,  white  arrows)  [4,  18,  19].  In  fact,  the  majority  of 
microtubules  emanating  from  this  centriole  was  consistent 
with  the  unique  microtubule  anchoring  function  of  mother 
centriole  subdistal  appendages  (Figure  4A)  [19,  20].  Other 
Tfn-labeled  compartments  were  organized  into  linear  assem¬ 
blies  of  vesicles  and  tubules  in  the  pericentrosomal  area 
(Figures  4A  and  4B,  black  arrowheads),  suggestive  of  vectorial 
transport  of  endosomes  to  and  from  the  mother  centriole. 

To  test  the  role  of  centrosome-anchored  endosome  compo¬ 
nents  in  endosome  recycling,  we  first  examined  Tfn-recycling 
in  a  pulse-chase  experiment  ([21];  Figures  4C  and  4D).  Deple¬ 
tion  of  centriolin  had  no  detectable  effect  on  microtubule  orga¬ 
nization  or  centrosome  integrity  (Figure  S4A;  [4])  but  increased 
the  rate  of  Tfn  recycling  (Figures  4C  and  4D).  Initially,  there 
was  no  observable  difference  in  the  amount  of  Tfn  in  cells 
(0  to  10  min),  but  from  20  to  40  min,  centriolin-depleted  cells 
contained  less  Tfn  (Figure  4D).  In  contrast,  cenexin  depletion 
decreased  Tfn  recycling  and  caused  Tfn  to  accumulate  in  a  jux- 
tacentrosome  recycling  endosome. 

Inspection  of  centriolin-depleted  cells  revealed  an  increase 
in  Rabll  immunofluorescence  intensity  at  centrosomes 
compared  with  controls  (Figure  S4B).  There  were  no  gross 
defects  in  early  endosome  (Figure  S4A)  or  transferrin  receptor 
organization  (Figure  S4A),  suggesting  that  centriolin  depletion 
selectively  disrupted  Rabll  localization  in  cells.  To  test  for 
Rabl  1  activity  changes,  we  used  two  approaches.  We  isolated 
a  membrane  fraction  as  a  read-out  of  GTP-bound  Rabl  1  [22]. 
We  also  immunoprecipitated  active-Rabll  using  a  cell  line 
expressing  its  effector  GFP-FIP3  [10].  In  both  cases,  centriolin 
depletion  increased  Rabll  (~ 2-fold,  Figures  S4C  and  S4D), 
consistent  with  an  increased  amount  of  active-GTP-bound 
Rabll. 

We  propose  that  centriolin-depleted  cells  lose  Evi5,  causing 
active  Rabl  1  to  be  retained  on  centrosomes  (Figure  3C)  causing 
an  increase  in  centrosome-bound  Rabl  1  -GTP  (Figure  3C;  Fig¬ 
ure  S4B).  We  suggest  that  the  enhanced  recycling  (Figure  4D) 
is  due  to  an  increase  in  the  ability  of  the  centrosome-bound 
fraction  of  Rabl  1  to  recycle  cargo  from  the  recycling  endosome 
to  the  plasma  membrane  at  a  faster  rate.  In  contrast,  cenexin 
depletion  inhibits  the  ability  of  Rabll  to  recycle  endosomes 
(Figure  4D)  due  to  loss  of  appendage-bound  Rabl  1  (Figure  1 D). 
These  findings  support  and  add  to  our  in  vitro  binding  studies 
(Figure  3A)  by  illustrating  that  the  association  of  Rabll  with 
the  mother  centriole  is  important  for  efficient  recycling  through 
the  juxtacentrosomal  recycling  endosome. 


In  conclusion,  it  has  been  known  for  some  time  that  recy¬ 
cling  endosomes  are  found  in  the  pericentrosomal  area  and 
are  influenced  by  Rabll  activity.  However,  little  is  known 
about  the  relationship  between  these  juxtaposed  organelles 
at  the  structural,  molecular,  or  functional  level.  Here  we  show 
that  the  appendages  of  the  mother  centriole  and  recycling  en¬ 
dosomes  are  in  intimate  contact  (Figures  4A  and  4B).  We  show 
that  Rabll  and  its  GAP,  Evi5,  are  linked  to  the  centriolar 
appendages  through  the  centrosome  proteins  cenexin  and 
centriolin  (Figures  1  and  2).  This  is  the  first  evidence  for  a  novel 
centrosome-anchored  molecular  pathway  for  the  inactivation 
of  Rabll  and  regulation  of  endosome  recycling  through 
a  complex  series  of  protein  interactions  and  activities. 

The  discovery  of  a  structural  association  between  the 
endosome  and  the  centrosome  with  complex  molecular 
underpinnings  has  new  and  unexpected  implications  for  recy¬ 
cling  endosome  function.  This  new  liaison  has  additional  impli¬ 
cations  for  a  variety  of  biological  processes  including 
cilia  formation  and  function  [9,  23],  asymmetric  cell  division 
[24-27],  and  cell  polarity  [28,  29].  It  is  also  likely  that  centro¬ 
some  function  will  itself  be  influenced  through  its  association 
with  the  endosome,  although  this  has  yet  to  be  explored. 
The  latter  brings  up  an  intriguing  question:  Do  recycling  endo¬ 
somes  bound  to  centrosomes  impart  properties  to  centro¬ 
some  activities,  known  and  new?  One  result  that  suggests 
this  might  be  the  case  is  the  dual  role  of  dynamin-2  in  both 
vesicle  formation  and  centrosome  cohesion  [30].  Thus,  it  is 
also  possible  that  Rabll  and  other  endosome-associated 
molecules  bound  to  the  centrosome  may  play  dual  roles  in 
endosome  and  centrosome  function.  This  observation  and 
the  endosome-centrosome  connection,  lead  us  to  speculate 
that  the  centrosome  may  directly  associate  with  other 
(membranous)  organelles,  such  as  the  Golgi  apparatus  or 
endoplasmic  reticulum,  generating  a  new  repertoire  of  previ¬ 
ously  unappreciated  combined  functions  for  both  organelles. 
Future  investigations  will  be  required  to  test  these  ideas. 
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Around  a  century  ago,  the  midbody  (MB)  was  described 
as  a  structural  assembly  within  the  intercellular  bridge 
during  cytokinesis  that  served  to  connect  the  two  future 
daughter  cells.  The  MB  has  become  the  focus  of  intense 
investigation  through  the  identification  of  a  growing 
number  of  diverse  cellular  and  molecular  pathways  that 
localize  to  the  MB  and  contribute  to  its  cytokinetic 
functions,  ranging  from  selective  vesicle  trafficking 
and  regulated  microtubule  (MT),  actin,  and  endosomal 
sorting  complex  required  for  transport  (ESCRT)  filament 
assembly  and  disassembly  to  post-translational  modifi¬ 
cation,  such  as  ubiquitination.  More  recent  studies  have 
revealed  new  and  unexpected  functions  of  MBs  in  post¬ 
mitotic  cells.  In  this  review,  we  provide  a  historical 
perspective,  discuss  exciting  new  roles  for  MBs  beyond 
their  cytokinetic  function,  and  speculate  on  their  poten¬ 
tial  contributions  to  pluripotency. 

An  overview  of  the  MB  assembly 

Cell  division  requires  segregation  of  the  duplicated  genome 
and  partitioning  of  cellular  contents  between  daughter 
cells  during  cytokinesis.  In  animal  cells,  cytokinesis  begins 
with  ingression  of  the  plasma  membrane  and  culminates  in 
a  poorly  understood  event  called  abscission  (see  Glossary), 
where  daughter  cells  become  physically  separated  from 
one  another  (for  reviews  see  [1,2]).  Recent  advances  have 
uncovered  several  key  features  of  abscission  such  as  mem¬ 
brane  trafficking  [3]  (for  reviews,  see  [4,5]),  MT  reorgani¬ 
zation  [6,7],  helical  filament  formation  driven  by  ESCRT 
[7-9],  and  regulatory  mechanisms  involving  protein  ubi¬ 
quitination  [10,11].  Little  is  known  about  how  these  events 
are  coordinated  to  achieve  abscission  other  than  that  they 
all  occur  in  the  vicinity  of  the  MB.  Disruption  of  any  of 
these  MB-associated  events  leads  to  abscission  failure, 
defining  this  organelle  as  a  key  player  in  abscission 
[3,12,13].  One  result  of  abscission  failure  is  polyploidy,  a 
potential  factor  in  cancer  predisposition  and  progression 
[14]  and  in  multicellular  syncytium  formation  [15]. 

This  review  focuses  on  MB  structure  and  function  during 
cytokinesis  and  the  fate  and  function  of  post-mitotic  MBs.  It 
has  been  shown  both  in  vivo  and  in  vitro  that  post-mitotic 
MBs  can  be  released  from  cells,  where  they  deteriorate  with 
time  [16-19] .  They  can  also  be  retained  by  cells,  where  they 
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either  degrade  or  persist  for  extended  periods  of  time  [3,19- 
23] .  Their  distinct  fates  in  different  cell  types  can  dramati¬ 
cally  impact  cellular  physiology  and  cell-fate  determination 
[19,22,23].  These  new  functional  roles  for  post-mitotic  MBs 
have  resurrected  interest  in  MB  form  and  function. 

MB  characteristics:  a  historical  perspective 

Biogenesis  and  architecture  of  the  MB  revealed  by 
electron  microscopy  (EM) 

Walther  Flemming  first  noted  the  presence  of  MBs  using 
histochemical  methods  [24],  then  others  observed  MB  dy¬ 
namics  by  time-lapse  light  microscopy  [25,26]  (for  details, 
see  Box  1).  EM  later  provided  more  detail  of  MBs  and 
associated  structures  [16,27-33]  and  again  supported  the 
early  hypotheses  of  Flemming  (Box  1).  EM  studies  con¬ 
firmed  that  the  overall  structure  of  the  developing  MB 
was  strikingly  similar  to  the  phragmoplast  of  plants  [34]. 
Both  MB  and  phragmoplast  comprise  antiparallel  MTs  with 

Glossary 

Abscission:  the  final  stage  of  cytokinesis  that  culminates  in  severing  the 
intercellular  bridge  to  generate  two  physically  separate  daughter  cells.  This 
process  requires  several  membrane-trafficking  pathways,  the  ESCRT  complex, 
and  the  machinery  for  MT  severing. 

Autophagosome:  an  intracellular  double-membrane  vacuole/vesicle  formed  de 
novo  that  engulfs  molecules  or  organelles  from  the  cytoplasm  and  degrades 
them  by  fusing  with  lysosomes.  Autophagosome  formation  is  known  to 
require  the  autophagy-related  gene  (Atg)  6,  or  Beclin-1,  and  two  ubiquitin-like 
conjugation  systems  (e.g.,  LC3/Atg8). 

Endosomal  sorting  complex  required  for  transport  (ESCRT):  a  protein  complex 
containing  four  subcomplexes  (ESCRT-0,  -I,  -II,  and  -III)  and  associated  proteins 
(e.g.,  Alix,  Istl,  and  Vps4)  that  sorts  and  transports  target  molecules  to 
endosomes.  It  is  required  for  viral  budding  and  has  recently  been  shown  to 
play  a  role  in  abscission. 

Exocyst:  a  protein  complex  required  for  the  tethering  and  targeting  of  post- 
Golgi  vesicles  to  the  plasma  membrane  for  secretion  and  abscission. 
Intercellular  bridge:  the  cytoplasmic  connection  between  a  dividing  cell  in  late 
cytokinesis  that  contains  the  MB  and  is  the  ultimate  site  of  cell  separation. 
Midbody  (MB):  a  prominent  organelle  located  within  the  intercellular  bridge.  It 
comprises  a  central  proteinaceous  disc  or  ring-like  core  flanked  by  MTs  that 
overlap  within  the  ring  region  as  antiparallel  bundles.  This  core  is  also  referred 
to  as  the  Flemming  body  or  midbody  ring.  The  MB  undergoes  many 
morphological  and  molecular  changes  before  abscission  and  is  essential  for 
the  completion  of  cell  division. 

Multivesicular  body  (MVB):  a  specialized  membranous  compartment  in  the 
endosomal  pathway  characterized  by  internalized  vesicles  within  its  lumen.  After 
fusing  with  lysosomes,  the  molecular  contents  within  MVBs  can  be  degraded. 
Phragmoplast:  a  spindle-derived  structure  formed  during  plant  cytokinesis.  It 
comprises  MTs,  actin,  and  various  membranous  components  and  is  required 
for  completion  of  cytokinesis. 

Soluble  N-ethylmaleimide-sensitive  factor  [NSF]  attachment  protein  receptors 
(SNAREs):  this  is  a  large  protein  superfamily  whose  major  function  is  to 
facilitate  fusion  between  vesicles  and  the  membrane  of  target  compartments. 
SNAREs  can  thus  further  be  divided  to  vesicle  SNAREs  (v-SNAREs),  such  as 
endobrevin/VAMP8,  and  target  SNAREs  (t-SNAREs),  such  as  syntaxin-2. 
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Box  1.  The  initial  characterization  of  MBs 

Early  glimpses  of  the  MB 

The  MB,  or  Zwischenkorper  ('Zwischen'  and  'korper'  mean 
'between'  and  'body',  respectively;  also  referred  to  as  the  Flemming 
body),  was  first  described  by  Walther  Flemming  in  1891  [24].  Using 
light  microscopy  and  histochemical  stains,  he  identified  a  chromo- 
philic  structure  positioned  between  dividing  daughter  cells  (see 
Figure  la  in  main  text)  and  speculated  that  it  was  derived  from  the 
spindle  midzone  between  segregating  chromosomes.  Fie  also 
suggested  that  it  might  be  the  animal  counterpart  of  the  phragmo- 
plast,  a  MT-enriched  structure  involved  in  plant  cytokinesis  (for 
review,  see  [70]).  In  the  1960s  and  1970s,  with  the  aid  of  EM,  most  of 
Flemming's  prescient  theories  were  validated  [27-29,71]. 

MB  dynamics  revealed  by  time-lapse  light  microscopy 
Microcinematographic  light  microscopy  in  the  1970s  showed  that  the 
classical  MB  structure  appeared  within  the  intercellular  bridge  after 
furrow  ingression  (see  Figure  1b,  left  and  middle  panels  in  main  text) 
[25,26].  In  human  cells,  it  formed  a  disc-like  structure  approximately 
1-2  (xm  in  diameter.  As  cytokinesis  proceeded,  the  diameter  of  the 
intercellular  bridge  narrowed,  whereas  the  MB  size  remained  relatively 
constant.  With  time,  the  plasma  membrane  of  the  bridge  wrapped 
tightly  around  the  MB,  creating  a  bulge  in  the  bridge  (see  Figure  1b, 
right  panel  in  main  text).  Despite  this,  the  MB  was  able  to  slide  within 
the  bridge  between  the  two  connected  daughter  cells.  Later,  the 
intercellular  bridge  showed  'waving  activity'  that  propagated  away 
from  both  sides  of  the  MB.  The  activity  ceased  initially  on  one  side  of 
the  bridge.  The  other  side  continued  this  activity  then  narrowed  to  a 
thin  thread  of  cytoplasm  and  was  severed  [25,26].  This  observation  is 
also  consistent  with  later  studies  that  defined  this  and  other 
asymmetric  events  before  abscission  (see  below  and  [3,7,9,21,40]). 

vesicles  and  amorphous  electron-dense  material  centrally 
positioned  (for  review,  see  [35]).  Also  among  the  MTs  of  the 
developing  MB  was  a  diversity  of  membranous  organelles, 
such  as  endoplasmic  reticulum  cisternae,  Golgi  complexes, 
and  electron-lucent  and  -dense  vesicles.  Double  membrane- 
bound  electron-dense  bodies  associated  with  multivesicular 
bodies  (MVBs)  and  reminiscent  of  autophagosomes  were 
also  found  at  these  sites  [16,28,30,32].  After  furrow  ingres¬ 
sion,  membranous  organelles  gradually  decreased  at  MT 
sites  and  concomitantly  appeared  at  the  junctions  of  the 
bridge  and  cell  bodies  (Figure  lb,  middle  panel) 
[16,29,30,32]).  MT  bundles  coalesced  and  the  amorphous 
electron-dense  material  reorganized  into  a  continuous  pla- 
que-like  structure  between  daughter  cells,  the  Flemming 
body  [16,28,30-32].  The  Flemming  body  was  thought  to 
provide  a  diffusion  barrier  between  daughter  cells.  Howev¬ 
er,  more  recent  work  suggests  that  the  barrier  might  be 
selective  (for  details,  see  Box  2  and  [36-38]). 

By  late  cytokinesis,  the  MB  is  a  prominent  structure  with 
a  central  core,  flanking  MTs  and  associated  organelles,  and 
the  surrounding  plasma  membrane  (Figures  lb  and  2a).  The 
MB  core  has  two  components,  the  ‘MB  matrix’  and  ‘MB 
ridges’.  The  MB  matrix  mainly  comprises  antiparallel 
MT  bundles  and  interspersed  electron-dense  material 
[16,31,33,39].  MB  ridges  surrounding  the  matrix  account 
for  the  bulges  within  the  intercellular  bridge  (Figure  2a, 
bottom  panel)  and  primarily  comprise  electron-dense  mate¬ 
rial,  a  specialized  thickening  under  the  plasma  membrane, 
and  a  few  MTs  [16] .  MB  ridges  are  likely  to  correspond  to  MB 
rings  (MRs),  donut-shaped  structures  revealed  in  more 
recent  studies  by  phase  contrast  and  immunofluorescence 
(IF)  microscopy  (Figure  2a,  middle  panel)  [3] . 

During  early  stages  of  abscission,  the  caliber  of  the  bridge 
narrows  and  MT  bundles  within  the  bridge  are  reduced  by 


Box  2.  MB  and  the  associated  membrane  function  as  a 
diffusion  barrier 

With  the  ability  to  perform  high-resolution  time-lapse  imaging  and 
the  generation  of  various  fluorescence  tags  with  different  proper¬ 
ties,  researchers  have  now  been  able  to  test  whether  a  diffusion 
barrier  exists  at  the  MB  and  associated  membrane  in  the  inter¬ 
cellular  bridge.  It  appears  that  this  barrier  is  selective.  Inner-leaflet 
plasma  membrane  proteins  such  as  Lyn-GFP  and  transmembrane 
proteins  such  as  LYFPGT46  were  unable  to  transverse  from  one 
daughter  cell  to  the  other,  as  revealed  by  photorecovery  assays. 
However,  an  outer-leaflet  plasma  membrane  protein  and  a  cytosolic 
protein  appeared  to  pass  through,  as  shown  by  photorecovery  of 
YGP-GI-GPI  and  cytosolic  GFP,  and  the  microinjection  of  Lucifer 
Yellow  dye  [7,36-38].  The  selective  passing  of  molecules  could  be 
modulated  by  channels  in  the  MB  that  interconnect  the  cytoplasm  of 
the  two  daughter  cells  [16,38]  or  the  space  between  the  associated 
bridge  membrane  and  the  MB  core.  Only  when  MB  structure  and 
'permeability'  are  examined  more  thoroughly  in  different  cell  types 
and  at  carefully  defined  times  during  the  process  of  cytokinesis  will 
the  timing  and  functional  significance  for  the  MB  as  a  barrier 
emerge. 

severing  and  depolymerization  [7,16,33,39-41].  At  a  site 
adjacent  to  the  MB  (termed  the  ‘narrowing  segment’  [16] 
or  ‘constriction  zone’  [7]),  the  bridge  caliber  narrows  further 
and  ‘ripple  contours’  appear  (Figure  2b,  top  panels)  [7,16]. 
Such  ripples  represent  a  series  of  membrane  deformations 
along  the  bridge  membrane,  which  are  the  helical  filaments 
built  by  ESCRT  components  recently  observed  at  this  site 
(Figure  2b,  bottom  panel)  [7].  In  addition  to  reforming 
membranous  compartments  within  cell  bodies  during  late 
cytokinesis,  vesicle  clusters  were  frequently  observed  along 
MTs  in  the  bridge,  concentrated  near  the  MB  [16,30,31]. 
Abscission  occurred  after  vesicles  were  trafficked  to  the  MB, 
where  they  presumably  docked  and  fused  [3,21,42],  MT 
bundles  were  reduced  and  severed  [6,40,41],  and  ESCRT- 
containing  filaments  were  organized  along  the  bridge  mem¬ 
brane  on  one  or  both  sides  of  the  MBs  [7,9]. 

The  fate  of  post-mitotic  MBs 

Early  EM  studies  suggested  that  post-mitotic  MBs  were 
transient  structures  that  were  released  from  cells  where 
they  deteriorated  [16,28,39],  leading  to  terms  such  as  MB 
remnant  and  residual  body.  These  post-mitotic  MBs  often 
retained  recognizable  MB  matrix,  ridges,  antiparallel  MTs, 
and  plasma  membrane  [16] .  However,  these  features  were 
likely  to  be  lost  over  time  [17,18].  Indeed,  with  the  aid  of 
immuno-EM  to  detect  MB  molecules,  it  was  shown  that  the 
large  and  relatively  homogeneously  sized  electron-dense 
particles  in  brain  ventricles  were  ‘aged’  post-mitotic  MBs 
that  had  lost  their  typical  morphological  and  biochemical 
signatures  [18]. 

Closer  inspection  of  changes  in  post-mitotic  MB  structure 
over  time  was  enabled  by  time-lapse  imaging,  ordering 
of  temporal  events,  and  biochemical  analysis.  These 
approaches  showed  that  post-mitotic  MBs  associated  with 
one  of  the  two  daughter  cells  after  abscission  [3,18,19,21,22] . 
Immediately  after  abscission  on  one  side  of  the  MB,  the  thin 
bridge  on  the  other  side  of  the  MB  retained  its  connection  to 
the  other  daughter  cell.  This  tether  was  reminiscent  of  the 
thin  stalk  described  in  studies  using  microcinematography 
and  EM  [16,18,25,26].  The  tether  can  retract,  delivering  the 
post-mitotic  MB  into  the  cytoplasm  of  one  daughter  cell  for 
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Figure  1.  Schematic  representation  of  cytokinesis  progression,  abscission,  and  the  fate  of  the  post-mitotic  midbody  (MB),  (a)  A  representative  drawing  of  Zwischenkorper 
by  Walther  Flemming.  The  black  dot  between  the  two  reforming  nuclei  (N)  represents  the  MB  (white  arrow),  (b)  Progression  from  early  to  late  cytokinesis  is  shown  from  left 
to  right  and  can  be  generally  dissected  into  three  stages.  Left:  Antiparallel  microtubules  (MTs)  and  electron-dense  material  initially  form  a  patchwork  at  the  midzone  across 
the  forming  furrow,  where  vesicles  are  concentrated.  Middle:  After  furrow  ingression,  the  patchwork  of  midzone  MTs  transforms  into  one  major  bundle  between  two 
daughter  cells  and  vesicles  concentrate  at  the  end  of  the  bundle.  Right:  As  cytokinesis  proceeds,  the  intercellular  bridge  connecting  the  two  daughter  cells  is  gradually 
remodeled  and  narrowed,  making  the  MB  a  prominent  bulge  in  the  bridge,  (c)  Enlargement  of  inset  in  (b),  showing  the  process  of  abscission  and  the  fate  of  the  post-mitotic 
MB.  From  left:  As  the  cell  approaches  the  final  stage  of  abscission,  the  density  of  MTs  decreases  and  different  vesicle  types  again  appear  in  vicinity  of  the  MB.  Meanwhile, 
endosomal  sorting  complex  required  for  transport  (ESCRT)  complexes  are  recruited  to  the  constriction  zone,  about  1  |jim  from  the  MB,  and  interact  with  the  MT-severing 
protein  (e.g.,  spastin).  Presumably,  abscission  requires  the  orchestration  of  these  pathways  (e.g.,  vesicle  trafficking  and  fusion,  ESCRT  machinery,  and  MT  severing).  After 
abscission,  the  post-mitotic  MB  is  either  released  after  a  secondary  bridge-severing  event  (bottom  left  panel)  or  inherited  by  one  of  the  two  daughter  cells  (bottom  middle 
and  right  panels).  The  inherited  MBs  may  be  retained  freely  in  the  cytoplasm  (bottom  middle  panel)  or  degraded  in  the  autolysosome  after  being  recognized  by  autophagic 
receptors  (grey  ovals)  and  engulfed  by  autophagosomes  (bottom  right  panel).  Thus,  two  major  mechanisms  for  MB  clearance  are  autophagy  and  MB  release.  The  drawing 
of  Zwischenkorper  was  reproduced  from  [24]. 
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Figure  2.  The  architecture  of  the  midbody  (MB)  during  late  cytokinesis  and  abscission,  (a)  Electron  micrograph  of  a  MB  is  shown  in  the  top  panel.  An  immunostained  MB  at 
a  comparable  stage  with  corresponding  differential-interference  contrast  (DIC)  microscope  image  are  shown  in  the  middle  and  bottom  panel,  respectively.  At  the  center  is 
the  electron-dense  MB  core  (top),  which  comprises  'MB  ridges'  and  'MB  matrix'.  The  MB  ridges  (arrowheads;  top)  correspond  to  the  bulge  on  DIC  microscopy  (arrows; 
bottom)  and  the  MB  ring  (MR)  on  immunofluorescence  (arrowheads;  middle).  The  MB  matrix,  by  contrast,  contains  many  antiparallel  microtubules  (MTs)  and  electron- 
dense  material.  a-Tubulin,  intercellular  bridge  (green);  Mklpl,  MB  (red),  (b)  Electron  micrograph  of  a  MB  residing  in  an  intercellular  bridge  before  abscission.  Top  left:  about 
1  |xm  to  the  right  of  the  MB  is  the  constriction  zone.  Top  right:  enlargement  of  inset  in  the  top  left  panel,  showing  'ripple  contours'  before  abscission.  Bottom:  the  right  four 
images  are  from  serial  sections,  showing  the  helical  filaments  that  account  for  the  appearance  of  ripple  contours  and  that  disappear  on  depletion  of  ESCRT-III  components. 
Images  of  immunostained  MBs  (a)  provided  by  courtesy  of  C-T.  Chen  and  S.D.  Electron  micrographs  (a,b)  were  reproduced,  with  permission,  from  [7,16]. 
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retention  or  degradation  [3,19,22,23].  Alternatively,  the  cell 
can  sever  the  tether,  releasing  the  post-mitotic  MB  it  into 
the  extracellular  space  [7,9,18,19],  where  it  remains  or  is 
engulfed  by  a  cell  [16,19,22].  Retention,  release,  or  degrada¬ 
tion  of  post-mitotic  MBs  appears  to  depend  on  cell  type  and 
status  [19,22,23].  These  findings  indicate  that  fate  determi¬ 
nation  of  post-mitotic  MBs  involves  multiple  steps,  is  likely 
to  be  tightly  regulated  (see  below  and  [19,22,23]),  and  is  far 
different  from  their  fate  as  remnants  or  residual  bodies,  as 
proposed  decades  ago  [16]. 

The  MB  as  an  important  platform  for  abscission 

Renewed  interest  in  MB  research  over  the  past  decade 
revealed  the  extraordinary  complexity  of  this  organelle 
through  proteomic  analysis  [43]  and  led  to  the  discovery 
of  myriad  molecules  and  pathways  that  contribute  to 
abscission.  Previously  known  functions  of  these  pathways 
in  other  cellular  processes  helped  generate  hypotheses  to 
test  for  mechanisms  of  abscission.  These  pathways  include 
vesicle  trafficking,  membrane  scission,  MT  severing,  and 
ubiquitination.  Because  many  recent  reviews  cover  mech¬ 
anisms  of  abscission,  we  focus  on  how  these  pathways  may 
contribute  to  MB  retention  by  or  release  from  cells. 

Membrane  trafficking  pathways  are  targeted  to  the  MB 
for  abscission 

It  is  no  surprise  that  multiple  membrane  trafficking  path¬ 
ways  are  crucial  for  abscission  (for  reviews,  see  [2,4,5]), 
because  early  EM  studies  identified  many  types  of  vesicle 
around  the  MB  during  early  cytokinesis  and  before  abscis¬ 
sion.  Recent  studies  showed  that  molecules  involved  in 
secretion  and  endocytosis  were  concentrated  in  the  MB 
region  during  late  cytokinesis  [42,44,45].  Post-Golgi  vesicles 
and  proteins  required  for  vesicle  tethering  (e.g.,  exocysts; 
see  Glossary)  and  fusion  (e.g.,  soluble  N-ethylmaleimide- 
sensitive  factor  [NSF]  attachment  protein  receptors 
[SNAREs];  see  Glossary)  were  recruited  to  the  MB  [3,45 — 
47]  and  this  recruitment  depended  on  centrosome/MB  pro¬ 
teins  (e.g.,  centriolin  and  CEP55;  [3,13]).  Disturbing  either 
the  localization  or  the  function  of  these  MB  proteins  or  the 
recruitment  of  molecules  required  for  secretion  caused  ab¬ 
scission  failure.  This  resulted  in  a  dramatic  collapse  of  the 
intercellular  bridge,  creating  binucleated  cells  [13,46],  long 
delays  in  abscission,  or  multicellular  syncytia  formation 
[3,15].  These  results  clearly  demonstrate  the  importance 
of  selective  secretion  in  abscission. 

The  endosomal  pathway  also  contributes  to  abscission 
(for  review,  see  [4]).  As  shown  previously,  the  endosome- 
associated  Rab  11-interacting  proteins  FIP3  and  FIP4  were 
targeted  to  the  MB  [42,46]  and  interacted  with  the  exocyst 
component  Exo70  and  the  MB  protein  mgcRacGAP/Cyk4 
[46,48].  These  interactions  were  essential  for  completing 
cytokinesis.  These  results  indicate  that  the  MB  may  serve 
as  an  anchoring  scaffold  for  molecules  and  complexes  that 
facilitate  vesicle  accumulation  at  or  near  this  site  and 
potentiate  vesicle  fusion  during  abscission.  Alternatively, 
fusion  of  recruited  secretory  and  endosomal  vesicles  may 
be  required  for  elongating  the  intercellular  bridge  during 
late  cytokinesis  [25,26],  for  narrowing  the  bridge  caliber 
(see  above),  or  for  preparing  the  site  in  other  ways  for  the 
final  separation  step  of  abscission. 


As  shown  previously,  vesicles  appeared  to  be  targeted 
asymmetrically  to  one  side  of  the  MB  before  abscission  [3] . 
This  observation  was  consistent  with  the  reported  asym¬ 
metric  accumulation  of  Golgi-derived  vesicles  at  the  MB 
during  late  cytokinesis,  following  their  initial  symmetric 
accumulation  at  both  sides  of  the  MB  [21].  With  better 
temporal  resolution,  the  recruited  Golgi-derived  vesicles 
appeared  to  dock  at  the  MB  and  remain  individually 
without  fusing  [21] ,  suggesting  that  these  tethered  vesicles 
were  awaiting  a  signal  to  initiate  vesicle  fusion  and  abscis¬ 
sion  [3] .  Conceptually  similar  was  the  work  showing  that 
the  Golgi  complex  was  organized  in  two  positions  in  each 
nascent  daughter  cell  during  abscission  [49].  The  two 
major  Golgi  complexes  were  far  away  from  the  bridge, 
behind  the  nuclei  of  both  nascent  daughter  cells  near 
the  centrosomes.  The  two  minor  pools  of  Golgi-derived 
membranes  were  located  at  the  juncture  of  the  intercellu¬ 
lar  bridge.  In  one  of  the  two  daughter  cells,  the  minor  Golgi- 
derived  membrane  pool  was  retracted  back  to  the  major 
site  during  late  cytokinesis,  leaving  the  minor  pool  of  the 
other  daughter  cell  in  a  position  to  deliver  Golgi-derived 
membranes  to  one  side  of  the  MB  to  mediate  abscission. 
Although  FIP3/4-positive  endosomes  are  trafficked  sym¬ 
metrically  to  the  MB  [42] ,  more  recent  EM  data  suggests 
that  they  may  not  fuse  until  localized  MT  severing  occurs 
asymmetrically  on  one  side  of  the  MB  [40] .  These  new  EM 
tomographic  images  leave  room  for  the  idea  that  fusion  of 
endosomal  vesicles  may  occur  asymmetrically  or  sequen¬ 
tially,  although  their  recruitment  is  symmetric.  This  ob¬ 
servation  also  suggests  a  potential  link  between  vesicle 
fusion  and  MT  severing  during  abscission. 

Thus,  broadly  speaking,  regardless  of  how  vesicles  are 
recruited  (e.g.,  symmetrically,  asymmetrically,  or  sequen¬ 
tially),  fusion  events  may  still  be  ‘asymmetric’  or  ‘sequen¬ 
tial’,  presumably  due  to  limiting  factors  on  one  side  of  the 
MB  or  to  sequential  arrival  at  this  site  [21,40].  The  conse¬ 
quence  of  these  asymmetric  or  sequential  events  would  be 
inheritance  of  the  post-mitotic  MB  by  one  of  the  two 
daughter  cells  [3,21]  or  release  after  the  bridge  is  severed, 
again  on  other  side  of  the  MB  (discussed  below).  How  these 
asymmetric  or  sequential  events  might  contribute  to  MB 
retention  or  release  is  postulated  in  Box  3. 

ESCRT  complexes  build  helical  filaments  during 
abscission 

The  recent  finding  that  ESCRT  is  an  evolutionarily  con¬ 
served  pathway  required  for  abscission  provides  insight  into 
a  late  step  in  this  process  [7,8,50-53] .  ESCRT  has  important 
roles  in  the  constriction  of  membranes  during  budding  of 
viruses  and  vesicles  (for  reviews,  see  [54-56]).  The  topology 
of  an  enveloped  virus  budding  from  a  host  cell  is  similar  to 
the  intercellular  bridge  connecting  one  daughter  cell  with  its 
sister  before  abscission.  Severing  the  bridge  to  disconnect 
daughter  cells  is  analogous  to  virus  release  from  the  cell  and 
may  require  identical  or  similar  functions  of  ESCRT  (for 
reviews,  see  [5,56]).  As  predicted  by  the  model,  multiple 
ESCRT  components  (e.g.,  Alix  and  TsglOl)  are  targeted  to 
the  MB  for  abscission  [8,50,57].  However,  more  recent  stud¬ 
ies  led  to  a  different  model  [7,9],  where  ESCRT-III  compo¬ 
nents  (e.g.,  CHMP2  and  CHMP4A/B)  appeared  to  localize 
to  the  MR  initially,  then,  at  a  later  time  localized  at  a 
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Box  3.  Proposed  mechanisms  for  asymmetric  inheritance  of  post-mitotic  MBs 


Asymmetric  vesicle  trafficking  — ►  asymmetric  abscission  — ►  MB 
retention  by  one  daughter  cell 

One  model  for  asymmetric  inheritance  of  post-mitotic  MBs  is  that 
vesicles  are  recruited  asymmetrically  from  one  side  of  the  MB  for 
abscission  and/or  ESCRT  follows.  The  bridge  is  then  severed,  resulting 
in  MB  inheritance  to  the  opposing  daughter  cell.  One  example  is  the 
post-Golgi  secretory  vesicles  labeled  by  luminal-GFP  [3].  Given  that 
other  recycling  endosomal  vesicles  have  been  observed  to  symme¬ 
trically  traffic  to  the  MB,  we  have  compared  the  timing  of  luminal-GFP 
recruitment  and  the  transport  of  FIP3-  or  Rabl  1  -decorated  endosomes 
to  the  MB.  Luminal-GFP  vesicles  trafficked  to  the  MB  significantly  later 
than  FIP3  and  Rabll  vesicles  (Rosa  and  Doxsey,  unpublished), 
suggesting  that  the  asymmetric  delivery  of  secretory  vesicles  is  more 
likely  to  contribute  to  abscission,  affecting  where  the  post-mitotic  MB 
ultimately  resides.  In  another  study,  Golgi-derived  membranes  initially 
trafficked  symmetrically  to  the  MB,  but  later  became  asymmetrically 
localized  before  abscission  [21].  These  observations  suggest  that 
different  vesicles  may  function  at  different  times  and  traffic  in  different 
ways  during  abscission.  Therefore,  experiments  should  be  normalized 
to  a  given  end  point,  such  as  time  pre-abscission,  to  reliably  compare 
contributions  of  different  classes  of  vesicles  and  results  from  different 
investigators. 

Symmetric  vesicle  trafficking  — >•  stochastic  abscission  — ►  MB  retention 
or  release 

If  vesicle  trafficking  and  membrane  scission  machinery  concentrate 
at  both  sides  of  the  MB  and  cut  the  bridge  sequentially  rather  than 
simultaneously,  a  post-mitotic  MB  can  still  be  retained.  Ultimately, 
the  bridge  on  both  sides  of  the  MB  could  be  severed  by  ESCRT,  as 


recently  suggested  [7,9],  and  then  released  [19].  This  appears  to  be 
the  case  for  cells  in  which  post-mitotic  MBs  are  released  extra- 
cellularly  [17-19].  Time-lapse  imaging  and  ultrastructural  analysis 
revealed  that  these  post-mitotic  MBs  remain  connected  to  one 
daughter  cell  by  a  thin  stalk  for  an  extended  time  before  they  are 
eventually  severed  [18,19],  suggesting  that  the  abscission  machin¬ 
ery  takes  longer  to  cleave  on  one  side  of  the  MB  than  the  other. 
These  observations  reinforce  the  idea  that,  despite  symmetric 
vesicle  trafficking,  severing  capability  (presumably  the  activity  of 
the  abscission  machinery)  on  the  two  sides  of  the  MB  may  be 
different,  leading  to  asymmetric  MB  inheritance  and,  potentially, 
later  MB  release. 

Asymmetric  signaling  asymmetric  abscission  —>  MB  retention  by 
one  daughter  cell 

The  third  model  predicts  that  membrane  fusion  is  a  regulated  process 
that  occurs  on  only  one  side  of  the  MB  despite  vesicle  delivery  to  both 
sides.  The  regulation  of  membrane  fusion/scission  and  abscission 
could  be  through  asymmetric  removal  of  limiting  factors  (e.g.,  MT 
bundles;  [40]),  the  recruitment  of  fusion  activators  (e.g.,  kinase),  or 
stimulation  of  a  previously  positioned  activator  by  other  means  (e.g., 
Ca2+  release)  as  in  regulated  secretion;  for  example,  insulin  granule 
secretion  (for  review,  see  [72]). 

Combinations  of  these  models  are  also  possible.  For  example, 
triggers  of  membrane  fusion/scission  for  abscission  could  be 
recruited  asymmetrically  to  the  MB  or  sequentially  to  either  side  of 
the  MB,  as  proposed  in  the  second  possibility,  or  activated 
asymmetrically,  as  proposed  in  the  third  possibility. 


secondary  site  corresponding  to  the  constriction  zone  [7,9]. 
Depletion  of  CHMP2,  the  core  component  of  ESCRT-III,  led 
to  the  disappearance  of  the  ripple  contours  and  the  spiral¬ 
shaped  filaments  [7],  suggesting  that  ESCRT-III  contrib¬ 
utes  to  their  assembly.  However,  it  was  unclear  whether 
ripples  alone  or  both  ripples  and  the  constriction  zone  were 
lost  on  CHMP2  depletion  and  this  could  lead  to  a  different 
interpretation  of  how  ESCRT  functions  at  these  sites.  Be¬ 
sides  building  filaments,  ESCRT  has  been  shown  to  interact 
with  spastin  [58],  a  AAA+  ATPase  that  severs  MTs,  provid¬ 
ing  a  model  where  ESCRT  function  is  coordinated  with  MT 
severing  during  abscission. 

Several  issues  with  the  ESCRT  model  require  further 
clarification.  Although  the  Archaea  ESCRT  machinery 
spans  the  division  site,  which  is  approximately  1  pun  in 
diameter  at  the  beginning  of  cell  fission  (for  review,  see 
[59]),  ESCRT-deformed  membranes  identified  in  eukaryotic 
cells  typically  have  diameters  of  50-100  nm  [54-56].  These 
diameters  are  still  significantly  smaller  than  the  diameter  of 
the  constriction  zone  at  the  intercellular  bridge  (200- 
500  nm)  [3,7,9,16],  so  it  is  unclear  how  ESCRT  forms  fila¬ 
ments  within  the  intercellular  bridge  and  whether  they  are 
functionally  capable  of  inducing  bridge  severing.  One  poten¬ 
tial  model,  as  discussed  above,  is  that  vesicles  and  fusion 
machinery,  which  are  organized  in  a  topologically  different 
manner  from  ESCRT,  are  recruited  to  the  MB  where  they 
contribute  to  bridge  remodeling  and  narrowing,  thus  allow¬ 
ing  ESCRT  to  function  in  the  later  stages  of  abscission. 
Alternatively,  ESCRT  itself  may  extrude  membrane  and 
cytoplasm  into  the  extracellular  environment  to  narrow  the 
bridge  caliber  through  a  mechanism  similar  to  viral  budding 
before  the  final  cut  of  the  bridge,  as  observed  in  some 
EM  studies  [16,18,28].  Another  model  is  that  vesicle  traf¬ 
ficking  and  ESCRT  machinery  work  together  to  accomplish 


abscission,  because  both  are  increasingly  recruited  to  the 
MB  and  the  constriction  zone  at  least  10  min  before  bridge 
severing  [3,9,21].  In  short,  it  remains  unclear  how  vesicles, 
fusion  machinery,  and  ESCRT  remodel  and/or  sever  the 
bridge  membrane  in  a  concordant  manner. 

More  questions  remain  about  the  ESCRT  model.  How  is 
ESCRT-III  directed  to  the  constriction  zone?  ESCRT-III 
spirals  may  grow  from  the  MB  where  other  ESCRT  compo¬ 
nents  reside,  becoming  increasingly  smaller  in  diameter  as 
they  approach  the  constriction  zone,  approximately  1  pirn 
distal  to  the  MB.  In  a  similar  context,  it  is  unknown  whether 
recruitment  of  ESCRT-III  and  the  appearance  of  ripple 
contours  at  the  constriction  zone  require  the  prior  presence 
of  ESCRT-I  or  ESCRT-associated  proteins  at  the  MB,  al¬ 
though  depletion  of  these  ESCRT  components  results  in 
abscission  failure.  It  is  also  unclear  whether  ESCRT  func¬ 
tions  together  with  regulated  disassembly  of  cortical  actin 
by  F-actin  modulators  during  abscission.  Contradictory 
data  suggest  that  ESCRT  functions  alone  in  abscission  [7] 
or,  alternatively,  that  ESCRT  acts  only  at  certain  stages  of 
abscission  before  ‘secondary  constriction’,  where  fusion  of 
FIP3  endosomes  and  disassembly  of  F-actin  contribute  to 
the  final  separation  [60] .  These  questions  may  be  answered 
by  live  imaging  of  F-actin  and  ESCRT-III  components 
tagged  with  photo-distinguishable  tags  or  by  ultrastructural 
analysis  of  the  constriction  zone  after  selective  depletion  of 
ESCRT-I  components  and  ESCRT-associated  proteins.  De¬ 
spite  these  remaining  questions,  it  is  clear  that  the  ESCRT 
pathway  is  crucial  for  abscission. 

Role  of  deubiquitination/ubiquitination  in  modifying  the 
MB  on  abscission 

In  line  with  the  ESCRT  model  of  abscission,  it  was  shown 
that  two  ESCRT-modulating  deubiquitinating  enzymes 
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(DUBs),  UBPY/USP8  and  AMSH,  were  recruited  to  the  MB 
during  cytokinesis  [11].  Depletion  of  either  DUB  led  to 
cytokinesis  failure.  AMSH  depletion  induced  binucleated 
cells  and  cells  interconnected  by  long  bridges  and  UBPY 
depletion  induced  binucleated  cells.  This  phenotypic  dif¬ 
ference  may  reflect  different  specificities  of  the  two  DUBs 
toward  different  MB  protein  substrates  and  ubiquitin 
conjugates  [11,61,62].  The  spatial  distribution  of  UBPY 
and  AMSH  were  different  from  anaphase  to  cytokinesis, 
suggesting  selective  interactions  with  different  ESCRT 
and  non-ESCRT  molecules,  which  could  be  crucial  for 
ordered  abscission.  The  role  of  ubiquitin-mediated  modi¬ 
fications  in  abscission  is  supported  by  work  showing  that 
BRUCE,  a  giant  protein  possessing  E2/E3  ubiquitin  ligase 
activity,  moved  to  the  MB,  interacted  with  MB  compo¬ 
nents,  such  as  mitotic  kinesin-like  protein  1  (Mklpl), 
and  blocked  abscission  when  depleted  [10] .  The  MB  frac¬ 
tion  of  both  BRUCE  and  Mklpl  were  heavily  mono-  or 
oligo-ubiquitinated  on  abscission  and  both  proteins 
appeared  to  be  targeted  by  UBPY  [10].  Taken  together, 
ubiquitinating  enzymes  and  ESCRT-interacting  DUBs 
modulate  the  ubiquitination  status  of  MB  proteins,  which 
may  play  a  role  in  abscission  and  fate  determination  of 
post-abscission  MBs  (see  below). 

Multiple  pathways  control  the  fate  of  post-mitotic  MBs 

Intracellular  degradation  via  macroautophagy 
One  of  the  intriguing  discoveries  regarding  the  fate  of  post¬ 
mitotic  MBs  is  the  role  of  macroautophagy  (hereafter  re¬ 
ferred  to  as  autophagy)  [19,22,23].  As  reviewed  previously, 
autophagy  contributes  to  the  recycling  of  amino  acids,  em¬ 
bryonic  development,  and  disease  pathogenesis  [63,64]. 
Autophagy  can  be  selective  and  mediated  by  auto¬ 
phagic  receptors.  Receptor  recognition  is  followed  by 
autophagosome  formation,  autophagosome  fusion  with  lyso- 
somes,  and  degradation  of  encapsulated  organelles  or  pro¬ 
teins  [65] .  The  NBR1  autophagic  receptor  was  shown  to  play 
a  dominant  role  in  degradation  of  post-mitotic  MBs  through 
its  recognition  of  CEP55,  a  core  MB  component  crucial  for 
abscission;  another  receptor,  p62,  was  also  implicated  in  this 
process  [22,23].  Besides  receptor  recognition,  the  level  of 
autolysosomal  activity  can  affect  the  degradation  efficiency 
of  post-mitotic  MBs  [22].  Taking  these  findings  together, 
autophagy  is  a  major  contributor  to  MB  clearance. 

MB  release  from  cells 

As  shown  by  early  EM  studies,  an  alternative  fate  of  the 
post-mitotic  MB  was  release  into  the  extracellular  space 
[16] .  Using  bone  marrow-derived  cells  in  vitro ,  extracellular, 
and  partially  deteriorated,  MBs  were  observed  [16].  The 
first  evidence  for  MB  release  in  vivo  came  from  the  finding  of 
electron-dense  particles  inside  the  lumen  of  the  neural  tube 
of  mouse  embryos,  although  these  particles  were  not  ini¬ 
tially  recognized  as  released  MBs  [17].  In  subsequent  stud¬ 
ies,  time-lapse  imaging  and  EM  demonstrated  that  MBs 
were  released  from  neural  precursor  cells  in  vivo  not  only  in 
mice,  but  also  in  chicken  [18]  and  from  mouse  neural  stem 
cells  in  vitro  [19].  Interestingly,  released  MBs  collected  in 
mouse  ventricular  fluid  increased  significantly  at  the  early 
stages  of  neurogenesis  (E10.5-12.5)  [17],  coincident  with  the 
time  when  differentiating  (neurogenic)  divisions  become 


prominent  [17,66].  This  suggested  that  MB  release  might 
depend  on  cell  type/status  and  could  contribute  to  these 
states.  Depletion  of  the  ESCRT-associated  protein  Alix 
reduced  the  amount  of  free  MBs  in  the  medium  of  neural 
stem  cells  (NS-5)  and  neuroblastoma  cells  (Neuro-2a),  sug¬ 
gesting  that  MB  release  was  likely  to  involve  the  secondary 
scission  event  at  the  tether  between  the  MB  and  the  daugh¬ 
ter  cell  [19].  It  is  also  possible  that  Alix  depletion  might 
affect  the  first  scission  event  between  the  two  nascent 
daughters,  leading  to  binucleated  cell  formation.  However, 
this  was  not  observed  in  the  aforementioned  cells  [19], 
maybe  because  the  role  of  Alix  in  abscission  was  minor  or 
slightly  different  in  these  two  cell  types.  MB  release  is 
clearly  a  dominant  feature  of  certain  cell  types  and  appears 
to  be  dependent  on  culture  conditions  in  vitro  or  the  devel¬ 
opmental  or  differentiation  state  of  cells  in  vivo  (discussed 
below;  [19,22]). 

Alternative  routes  that  lead  to  MB  clearance 
MB  release  and  autophagic  degradation  of  MBs  are  most 
likely  to  represent  parallel  pathways  for  MB  clearance 
[16,19,22,23].  HeLa  cells  and  mouse  Neuro-2a  cells  can 
degrade  MBs  by  autophagy  and  release  them  into  the 
extracellular  space  [19,22,23],  demonstrating  that  both 
pathways  can  be  used  in  a  single  cell  and  suggesting 
interplay  between  these  pathways.  Because  MB  fate  has 
not  been  characterized  in  great  detail  until  recently,  it  is 
reasonable  to  envision  additional  routes  for  MB  clearance 
that  ultimately  lead  to  intracellular  degradation  or  release 
from  cells.  In  fact,  recent  ultrastructural  analysis  of  post¬ 
mitotic  MBs  revealed  characteristics  different  from  mitotic 
MBs  (e.g.,  fewer  or  no  MTs),  presumably  due  to  MB  aging 
[18,19].  These  morphological  changes  could  represent  the 
products  of  different  resident  times  in  autolysosomes  or 
products  of  pre-autophagic  events  that  change  post-mitotic 
MB  integrity  and  composition.  It  is  also  possible  that  long 
after  release  from  cells,  post-mitotic  MBs  are  internalized 
by  endocytosis/phagocytosis  followed  by  heterolysosomal 
or  autophagic  degradation  [19].  These  different  yet  not 
mutually  exclusive  routes  may  all  exist,  but  they  are 
difficult  to  distinguish.  It  is  also  difficult  to  know  whether 
the  same  autophagy  machinery  is  required  as  a  final  step 
for  all  of  these  routes.  Nevertheless,  the  temporal  analysis 
of  MB  degradation  [22]  and  the  ultrastructural  analysis  of 
post-mitotic  MBs  [19]  shed  light  on  when  and  how  MBs  are 
destined  for  intracellular  degradation.  Additional  studies 
are  required  to  more  closely  track  the  degradation  process 
and  test  how  different  degradation  pathways  are  utilized 
by  different  cells. 

Pathways  for  MB  clearance  in  different  cell  types: 
consensus  and  dissensus 

In  the  grand  scheme,  increasing  the  activities  of  either  or 
both  autophagy  and  MB  release  can  promote  MB  clearance 
when  MBs  generated  during  proliferation  need  to  be  re¬ 
moved.  One  such  scenario  is  differentiation  [19,22].  In  this 
context,  cells  derived  from  different  developmental 
lineages  or  with  different  pluripotency  status  may  employ 
one  or  both  pathways  for  MB  clearance,  depending  on  the 
environment  and  what  is  available  in  the  toolbox.  There¬ 
fore,  differentiating  cells  may  promote  MB  clearance  either 
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by  elevating  autophagic  activity,  as  observed  in  fibroblasts 
derived  from  human  embryonic  stem  cells  (hESCs) 
[19,22,23],  or  by  enhancing  MB  release  (NS-5  and 
Neuro-2a)  [19]  to  achieve  the  same  goal,  the  elimination 
of  MBs. 

The  aforementioned  model  does  not  necessarily  imply 
low  MB  release  in  undifferentiated  cells,  such  as  multi/ 
oligopotent  stem  cells.  In  fact,  significant  basal  levels  of 
MB  release  have  been  observed  in  neural  progenitors  in 
vivo  and  neural  stem  cells  in  vitro ,  although  the  levels 
increase  further  during  the  early  stages  of  neurogenesis 
(differentiation)  in  vivo  and  during  induced  neuronal  dif¬ 
ferentiation  [17-19].  However,  we  currently  do  not  know 
whether  constitutively  high  MB  release  is  also  a  charac¬ 
teristic  of  hESCs  (e.g.,  HI,  H9)  and  induced  pluripotent 
stem  cells  (iPSCs)  or  whether  pluripotency  status  (e.g., 
pluripotency  versus  oligo/unipotency)  or  developmental 
lineage  influences  MB  clearance.  Nevertheless,  it  was 
agreed  in  the  two  recent  studies  that  autophagy  plays 
little  to  no  role  in  the  fate  determination  of  post-mitotic 
MBs  in  embryonic  and  neural  stem  cells  [19,22];  although 
it  is  unclear  whether  this  is  due  to  the  low  autophagic 
activity  of  this  cell  type  or  high  MB  release. 

Another  question  arising  from  these  studies  is  how  to 
interpret  the  variability  of  MB  retention  and  release  across 
multiple  cancer-derived  cell  lines.  A  priori ,  the  genomic 
instability  in  such  cells  makes  it  difficult  to  evaluate 
results  between  different  cell  lines.  It  was  shown  that 
neural  stem  cells  had  a  high  basal  level  of  MB  release 
(90%  of  the  MBs  after  abscission),  whereas  neuroblastoma 
cells  and  other  cancer  cells  had  only  a  medium  to  low  level 
of  release  (10-50%)  [19].  It  was  proposed  that  cancer  cells 
exploit  autophagy  for  MB  clearance,  which  is  consistent 
with  what  was  shown  recently  [22] .  One  problem  with  the 


interpretation  of  the  data  from  these  two  studies  is  that 
each  was  focused  on  a  different  cellular  process  and  for  the 
most  part  on  different  cell  types.  What  is  needed  is  a  study 
designed  to  examine  both  degradation  and  release  of  MBs 
in  the  same  panel  of  cell  types  in  vivo  and  in  vitro.  Under 
the  same  experimental  conditions,  one  could  better  under¬ 
stand  the  contributions  of  autophagic  degradation,  MB 
release,  and  possibly  other  pathways  to  MB  fate  determi¬ 
nation  in  cell  types  with  low  to  high  pluripotency. 

Emerging  non-cytokinetic  roles  of  MBs 

Not  until  recently  have  researchers  begun  to  study  the  fate 
of  MBs  after  cytokinesis  [18,19,22,23].  The  few  studies 
completed  thus  far  suggest  that  MBs  may  have  non-cyto¬ 
kinetic  functions,  such  as  polarity  specification  [67,68], 
intercellular  communication  [17,18],  and  cell  fate  determi¬ 
nation  [19,22].  This  is  intriguingly  analogous  to  studies 
showing  multifunctionality  of  other  structural  assemblies 
generated  during  cytokinesis,  such  as  bud  scars  in  yeast 
and  cytokinesis  or  cell-division  remnants  in  nematodes.  In 
addition  to  the  cytokinetic  roles  of  these  assemblies,  they 
also  define  polarity  for  the  upcoming  cell  division  (Box  4). 

Post-mitotic  MBs  have  also  been  implicated  in  cell 
polarity.  In  the  fly  notum  and  chick  spinal  cord,  post¬ 
mitotic  MBs  of  neurons  were  found  at  the  polarized/apical 
domain  where  the  future  neurite  or  apical  process  sprouted 
[67,68].  This  led  to  the  model  that  post-mitotic  MBs  might 
specify  neuronal  polarity.  Post-mitotic  MBs  have  also  been 
implicated  in  intercellular  communication,  presumably  to 
maintain  the  balance  between  differentiating  cells  and 
progenitors  [17].  This  idea  is  based  on  the  fact  that  MB 
release  into  the  ventricle  lumen  increases  significantly 
after  neurogenesis  [17,18].  One  of  the  candidates  for  deliv¬ 
ering  such  intercellular  signals  is  Prominin-1  (CD133),  a 


Box  4.  Bud  scars,  cytokinesis  remnants,  cell-division  remnants,  and  post-mitotic  MBs 


MBs  are  formed  between  dividing  cells  and  appear  to  have  additional 
non-cytokinetic  roles,  as  recently  revealed  (this  review;  [19,22,67,68]). 
Similar  structural  assemblies  formed  during  cytokinesis  are  also 
observed  in  unicellular  organisms,  such  as  yeast  (for  review,  see  [73]). 
Although  the  molecular  composition  of  these  structural  assemblies, 
namely  bud  scars,  differs  from  that  of  MBs,  their  ring-like  morphology 
is  surprisingly  similar  [74,75].  In  addition  to  their  cytokinetic  roles,  it  is 
important  to  note  that  bud  scars  appear  to  send  prohibitory  signals  to 
avoid  repetitive  budding  at  the  same  site  in  the  next  division  cycle, 
but  allow  budding  at  abutted  sites  [75-77].  This  function  involves:  (i) 
timely  recruitment  of  multiple  molecules  to  the  bud  neck  region 
before  cytokinesis  is  completed;  and  (ii)  restrictive  regulation  of 
GTPase  activity  around  the  bud  ([75,76];  for  review,  see  [73]).  These 
events  contribute  to  cell  polarity  and  defining  the  division  axis  for  the 
next  cell  division.  Thus,  a  post-mitotic  scar  in  yeast  also  has  additional 
non-cytokinetic  roles. 

In  Caenorhabditis  elegans ,  a  'cytokinesis  remnant;  is  formed  when 
cytokinesis  is  completed  [78-80].  This  structure  was  first  identified  as 
a  membrane  invagination  enriched  with  F-actin  and  actin-capping 
proteins  that  remains  at  the  anterior  cortex  of  the  posterior  cell  in  two¬ 
cell  embryos  but  does  not  seem  to  accumulate  after  multiple  divisions 
[79,80].  In  work  in  which  different  fixation  conditions  were  used, 
multiple  F-actin-enriched  remnants  were  observed  and  the  total 
number  was  one  less  than  the  number  of  divisions  (e.g.,  seven 
remnants  if  eight  divisions  in  total;  [79]).  These  accumulating 
structures  were  thus  named  'cell-division  remnants',  because  it  was 
unclear  whether  they  are  the  same  structures  as  cytokinesis 
remnants.  Moreover,  it  is  unclear  whether  these  structures  are  MBs, 


because  most  metazoans'  MBs  are  not  F-actin  enriched  and  the 
remnants  have  not  been  shown  to  contain  bone  fide  MB  components. 

As  shown  previously,  on  completion  of  cytokinesis,  a  ring-like 
cytokinesis  remnant  surrounding  the  post-mitotic  MB  starts  to  form 
[78-80].  The  spindle  in  the  cell  with  a  cytokinesis  remnant  rotates  and 
aligns  toward  the  cytokinesis  remnant,  where  actin,  actin-capping 
proteins,  and  dynein  are  enriched  [78-82].  The  alignment  seems  to 
require  MTs,  motors,  and  actin  [78,81,83].  This  newly  formed 
cytokinesis  remnant  is  the  one  that  directs  spindle  alignment  in  the 
nematode  embryo,  just  as  the  newest  bud  scar  defines  the  cell 
division  axis  in  yeast.  Thus,  the  C.  elegans  cytokinesis  remnant,  the 
membrane  domain  surrounding  the  remnant,  or  both  could  have 
additional  roles  beyond  cytokinesis. 

It  is  unclear  why  different  organisms,  from  unicellular  to  multi¬ 
cellular  and  from  yeast  to  humans,  have  evolved  or  conserved  a 
similar  structural  assembly  that  is  used  for  cytokinesis  then  reused  for 
other  post-mitotic  proposes,  such  as  defining  polarity  in  vivo.  Of  note, 
these  structure  assemblies  appear  to  be  compositionally  different. 
What  is  the  selective  pressure  driving  formation  of  structurally  similar 
but  molecularly  diverse  organelles?  For  example,  bud  scars  are 
mainly  chitinous  (for  review,  see  [73]).  Cytokinesis  remnants  are 
membrane  invaginations  enriched  in  dynein,  actin,  and  actin-capping 
proteins.  Metazoan  MB  derivatives  are  protein  structures  comprising 
multiple  MB  proteins,  membranes,  and  MTs,  but  do  not  appear  to  be 
actin-enriched.  Additional  comparative  analysis  of  the  MB  and  its 
counterparts  in  other  organisms  is  required  to  understand  the  roles  of 
these  related  structures  and  to  determine  whether  they  have  common 
functions  beyond  cytokinesis. 
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(cancer)  stem  cell  marker  and  pentaspan  membrane  pro¬ 
tein  concentrated  at  the  MB  of  neural  progenitors  (for 
review,  see  [69]).  As  neurogenesis  proceeds,  small  Promi- 
nin- 1-positive  vesicles  arise  from  decomposing  released 
MBs  and  may  participate  in  intercellular  communication. 
These  intriguing  results  nicely  link  post-mitotic  MBs  to 
polarity  specification  and  intercellular  signaling  in  the 
nervous  system;  however,  more  work  is  required  to  confirm 
these  ideas  and  determine  what  molecules  are  involved. 

In  addition  to  these  potential  roles  of  post-mitotic  MBs,  it 
was  recently  shown  that  experimental  manipulation  of  MB 
clearance  can  sensitize  cells  for  cell  fate  conversion,  includ¬ 
ing  differentiation  and  reprogramming  programs  [19,22]. 
For  example,  inhibiting  MB  clearance/release  could  sensi¬ 
tize  oligopotent  neural  progenitors  to  differentiate  toward 
differentiated  neurons.  The  opposite  cell  fate  conversion, 
from  terminally  differentiated  fibroblasts  to  iPSCs  may  be 
sensitized  by  inducing  MB  retention  within  cells  [19,22]. 
This  correlation  between  MB-low  cells  and  differentiation 
status  and  MB-high  cells  and  pluripotency  status  is  an 
intriguing  relationship  that  needs  to  be  further  analyzed 
to  identify  the  role  of  MBs  in  these  processes.  Although  the 
potential  of  MBs  to  drive  cells  toward  both  differentiation 
and  pluripotency  pathways  may  seem  contradictory,  it  is 
plausible  if  the  modulator,  presumably  the  MB,  is  itself 
modified  in  different  ways.  The  reciprocal  conversion  be¬ 
tween  stem  cells  and  differentiated  cells  could  potentially 
result  from  different  signaling  molecules  harbored  in  post¬ 
mitotic  MBs  or,  more  simply,  through  the  overall  level  of 
MBs  in  cells  with  different  pluripotency  status,  from  high 
(oligopotent)  to  low/none  (differentiated  cells).  One  must 
also  consider  as  a  contributing  factor  in  cell  fate  conversion 
the  different  experimental  manipulations  used  to  modulate 
potency  in  the  two  studies  (e.g.,  inhibiting  MB  degradation 
versus  MB  release).  Despite  these  open  questions,  the  role  of 
post-mitotic  MBs  in  cell  fate  conversion  is  clearly  emerging. 
For  example,  increased  MB  retention  in  neural  stem  cells 
achieved  by  inhibiting  MB  release  promotes  cell  fate  con¬ 
version  toward  differentiation  [19].  Increased  MB  retention 
in  differentiated  cells  achieved  by  depleting  the  NBR1 
autophagic  receptor  enhances  cell  fate  conversion  toward 
pluripotency  [22] .  Therefore,  together  with  the  other  studies 
reviewed  above,  the  idea  that  MBs  possess  multiple  non- 
cytokinetic  roles,  unrelated  to  cell  division,  is  becoming 
apparent.  These  new  findings  certainly  require  further 
investigation  to  tease  out  the  molecular  mechanisms  and 
will  in  turn  advance  our  understanding  of  (asymmetric)  cell 
divisions  in  stem  cell  biology. 

Concluding  remarks 

For  almost  a  century,  the  MB  has  been  perceived  simply  as 
a  link  between  two  dividing  daughter  cells  that  was  dis¬ 
carded  after  division.  More  recently,  its  role  as  an  organiz¬ 
ing  site  for  abscission  was  proposed  [3,8,12,13,21,42]. 
Moreover,  based  on  the  diversity  of  proteins  associated 
with  MBs  identified  in  numerous  studies  and  the  ‘MB  parts 
list’  obtained  from  mass  spectrometry  [43],  additional 
functions  of  MBs  and  post-mitotic  MBs  will  surely  be 
uncovered  over  years  to  come. 

As  discussed  above,  data  from  many  studies  as  well  as 
suggestions  from  the  MB  proteome  indicate  that  multiple 


pathways  converge  in  the  vicinity  of  the  MB  during  abscis¬ 
sion  [3,6-9,21,42-45] .  Although  further  clarification  is  need¬ 
ed  on  how  these  pathways  mediate  abscission,  one  must 
consider  cooperative  functioning  of  fusion  and  fission  ma¬ 
chinery,  either  consecutively  or  concordantly,  as  an  essen¬ 
tial  part  of  this  process.  For  example,  vesicle  fusion  along  the 
bridge  to  remodel  the  bridge  membrane  might  set  the  stage 
allowing  ESCRT  to  function  or  work  concordantly  with 
ESCRT  to  accomplish  the  ultimate  membrane  fission  for 
abscission.  We  favor  the  latter  model,  given  the  similar 
timing  of  elevated  vesicle  trafficking  to  the  bridge  and 
ESCRT-III  translocation  to  the  constriction  zone  [3,9,21]. 
ESCRT  may  coordinate  MT  disassembly  in  the  bridge  by 
timed  interaction  with  MT-severing  proteins  [58].  This 
coordination  could  be  a  critical  factor  during  abscission. 
However,  complete  MT  loss  before  abscission  may  not  be 
required,  given  the  considerable  number  of  MT  bundles  that 
are  retained  by  post-mitotic  MBs  following  abscission  [3,7]. 

The  inheritance  and  retention  of  the  post-mitotic  MB  by 
one  daughter  cell  is  remarkable  and  makes  the  two  geneti¬ 
cally  identical  daughter  cells  no  longer  equal.  One  inherits 
a  large  organelle  comprising  hundreds  of  proteins;  the 
other  receives  no  post-mitotic  MBs.  In  parallel,  post-mitot- 
ic  MBs  can  be  released,  presumably  to  remove  critical 
molecules  from  daughter  cells.  Although  questions  remain 
about  the  details,  intriguing  new  evidence  has  begun  to 
uncover  the  functional  significance  of  post-mitotic  MBs 
(see  above).  We  are  beginning  to  get  glimpses  of  MBs  as 
structures  whose  retention  and  loss  can  influence  stem 
cells,  cancer  cells,  and  differentiated  cells.  The  potential 
roles  of  MBs  in  influencing  cell  fate  determination  are 
unanticipated  and  exciting.  Further  investigation  is  re¬ 
quired  to  understand  precisely  how  these  organelles  im¬ 
pact  cellular  function.  In  any  case,  it  is  clear  that  the 
current  perception  of  post-mitotic  MBs  has  risen  from 
remnants  jettisoned  from  cells  to  post-mitotic  organelles 
serving  unexpected  functions. 
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